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Abstract, We inyestigated the relaionship between ody miass and the rate and pate 
‘of feather growth of the four outermost peimarics of Wandering Allutnies (Dicmedou exe 
ans) chicks, Maximum growl rates sere sinilar (3.5 mm day ') forall feathers and be 
Invccn sexes, althauh primaries of males were signiieandy longer then those of Females, 
“There was @ distinctive pattem to primary growth with p10 grow lst, ching its asymp. 
voce jos prioe to Hedging, Primaries growing did 0 af different musiroum rates this 
reached is azymptote aan earlier ago than pS o p9, but tmeximaim growth rales were the 
Same forall primaries, Maximum growth rales of p? aod ph were gniicantly correlated 
With chek mass athe siat of the period of primary growth, and chick mass also was 
Cerrelaled wih age at fledging, The heuvier the chick, the eal fe grew its primaries and 
the younger it edged. Fledping pores for Wandering Alhatzoss chicks may Be constrained 
by ihe time required to grow a full set oF primaries. We suggest Unt Uae observed puller 
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INTRODUCTION 


For adult seabirds, molt is probably one of the 
most significant activities outside the breeding 
season (Prince et al. 1993, 1997, Langston and 
Rohwer 1996). In annually breeding albatrosses, 
the time available for molt may be as little as 
100 days, so feather replacement is spread over 
two or more years (Prince et al. 1993, Langston 
and Rohwer 1995). Breeding status and body 
condition also influence the extent of anual 
molt (Weimerskirch 1991, Langston and Hill- 
garth 1995, Cobley and Prince 1998), and such 
‘are the poteatial interactions between breeding 
‘and molt that some species of albatross may 
need co skip your of breeding to replace ac- 
‘cumulated worn primaries (Langston and Roh- 
wer 1996). 

Chicks face potentially even more substantial 
challenges. They need to grow all their flight 
feathers within one-balf of their complete fedg- 
ing period (Ricketts and Prince 1981), For bi 
‘ennial breeding species such as the Gray-headed 
(Diomedea chrysostoma) and Wandering Alba- 
tosses (D. exulans), chicks must grow twice the 
number of primaries in half the time available 
to adults, Existing studies suggest that comple- 
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tion of wing growth, as measured by length of 
longest primary, by pelrels (Procellariformes) 
priorto fledging is accorded high priority. Haris 
(1966) showed that both light and heavy Manx 
Shearwaters (Puffinus puffinus) had similarly de- 
veloped wings on fledging, demonstrating that 
there was a premium on being able to fly even 
if poorly fed daring development. Development 
fof albatross chicks also suggests. that wing 
‘growth is largely independent of body mass, 
‘Wing growth in Gray-headed and Black-browed 
Albatrosses (D_ melanophris) was less affected 
toy body mass than growth of internal orgens 
(Rsid oa, in press) and also was less suscep- 
{ible co changes in dict quality (Prince and Rick- 
ettx 1981). Lequete and Weimerskirch (1990) 
showed that despite differences in growth ane 
provisioning rates, all Wandering Albatross 
Chicks, of both sexes, have similar sized wings 
‘on fledging. 

Peres are amongst the most pelagie of all 
seabirds, covering vast areas of ocean in search 
fof food (Warham 1996), so fally developed 
‘wings are important to forage successfully, After 
fledging, atthe start ofthe nusteal summer after 
a chick rearing period of around 27 days, Wan- 
dering Allaoss chicks do not start t© repluce 
light feathers until their second winter, and it 
may be five years for males and six years for 
females before all juvenile primaries are ro- 
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placed for the fist time (Prince ct al. 1997). 
Thus, the feathers hey edge with must sustain 
them through the ccitical period aller edging. 
Te this study we examine the rate and patern 
of growth of individual primaries in the Wan- 
dering Albetross, We also investigate the inter 
faction botween the rate of feather growth and 
the fledging. period and mass change over this 
period, 
METHODS 
This study was catied out at Bird fsland, South 
Georgia (54°01'S. 38°03'W) during the 1996 
srustral winter. Wing longth from carpal joint to 
the tip ofthe fatened, straightened wing (Spen- 
c2r 1984) was measured, using & stopped rule 
(one which had a raised perpendicular end to 
Which the carpal could be abuted), every 15 
days, fom when the chick was 10 days old until 
it Redged. The study nests were visited every 
day throughout chick searing, and hatching and 
fledging dates revorded fo the nearest day, A te- 
cond was kept when wings were measured of 
when emerging primaries were first observed 
Each of the four outer primaries (p 7-10) was 
measured from the Bip 10 the carpal joint, 10 the 
nearest mum, every 5 days from 208 days of age 
tuntil Hedging. Overall wing length is defined as 
the length ofthe bent wing using the earpel bend 
to the tip of the longest primary. To provide a 
potemial index of body condition, chicks were 
weighed at 145 and 250 days of age using an 
lectronic weighing platform accurate to * 10 
4 Chicks were sexed by discriminant function 
anass using bill eng (um) aad il dsp 
{onm) 9¢ 260 days ol, withthe regression: 
length + 0.609 depth ~ $4.610. I the result was 
positive, the sex was male, if negative, female 
This regression gave 100% discrimination as 
verifiod by all birds retuming to breed on the 
study ridge (Huin, unpubl. data, > 500). OF 
the 64 chicks in the stody, 29 were male and 31 
female: 4 were of unknown sex as they had 
fledged before bill dimensions were mmeasured, 








GROWTH MODELS 
Various growth models from the Richards family 
of growth models (Brown and Rothery 1993) 
were fitted to the data on feather growth from 

dividual chicks. Gompertz and von Bertalanfiy 
‘growth models fited the data fairly well, ac- 
‘counting for over 90% of the vatianee. However. 
these curves gave unsealistic estimates of max 
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imum primary leagth because the growth of p10 
and to a lesser extent p9 right up to Medging 
‘meant tha, for some chicks, asymptotic growth 
‘was not attained within the time span of the ob- 
servations, We obtained better resus using the 
generalized model of Schnute (1981) whieh in- 
fludes the Richards family, the Gompertz and 
the von Bertalanfly ax special cases, This model 
is nou-negative and a nondecreasing function of 
dength, y, with time, t, and is given by: 


Y= OF + P= ops] 











where t, = 205 days, t: = age at last measure 
‘ment, y) = fitted Feather length at. ys = fited 
leather length at (and a and b are parameters 
Which describe the shape of the curve and are 
estimated by maximum likelihood from the data 
‘This mode! fitted the primary growth data beter 
than any of the alternatives we explored, sc 
counting for more tha 98% af variance for all 
feathers. For these wing growth data the fitted 
curves all had parameter estimates where a > 0 
and b < 0, implying that the model approxi 
‘mates to a Richards curve (Keen 1993). 

‘Wing length wax measured from 205 days of 
age which comesponded o 2 period of rapid, 
approximately linear growth (Fig, 1) from an 
initial length of around 75% of the final wing 
length. However, there was large variation be- 
‘ween individual chicks in their position along 
the growth curve at this age, with some of the 
‘more axlvanced chicks having already reuched 
asymptotic lengths for primaries 7 and 8, In or- 
der 10 model the pattern of feather growth more 
accurately,  subsimple of 28 chicks was se~ 
lected (13 males, 15 females) whose growth 
curves were measured sufficiently carly © in 
clude the period of rapid Iinear growth. These 
chicks did not differ significantly in mass at 145 
for 250 days of age from those chicks omilted 
rom this subsample (two-sample Ftests, fae = 
1.50-0.27, P > 0.10) and therelure we consider 
them to be representative of the sampled pepu- 
lation, 

‘Growth models and correlation analyses were 
carried out using the statistical package GEN- 
STAT, and all means are presented + SE unless 
otherwise stated. All rtosts were two-tailed, and 
4 Mann-Whitney U-test was used on nonpara- 
metric data. Two-way ANOVAS were used to 
test Far differences belween sexes. 
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FIGURE |. Growth of Wandering Albstrss wing trom 


RESULTS 
WING GROWTH AND EMERGENCE OF 
PRIMARIES 

Wings grew slowly during the fist 145 days at 
‘a mean rate of 1-4 mm day ', increasing to 3.9 
mm day" between 145 and 250 days of age, 
after which the grovith rate declined to 0.9 mm 
day”? to fledging at around 280 days (Fig. 1). 
Primaries first emerged at 127 days, and these 
was no significant difference between male and 
female chicks (Mann-Whitney U-test, U = 789, 
P > 0.7) (Table 1). There was a wide range in 
‘age at fledging. with an average of 277 days 
Male chicks fledged at 277 days old and female 
chicks ot 281 days (Table 1), hut these dilfer 
fences were not significant (Mann-Whitney U- 
test, U = 779, P = 0.10), The average time from 
ccmergence of primavies to Hedging was very 
similar between sexes (Table 1). Age at emer 
‘gence of primaries is only accurate to within 15 
days. Fifteen of the 62 chicks monitored (24%) 











TABLE | 
Wandering Albatross chicks. 


10 days of age to edging 


‘grew their fall set of wings in under 150 days 
from the start of primary growth, but only 1 
cchick in under 135 days 


‘GROWTH RAMES OF PRIMARIES 


Primaries were already increasing rapidly in 
Tength when measurements began: later growth 
rate declined and feathers eventually reached 
their maximum Fength (Fig. 2). The asymptote 
‘was reached first by pT and was reached pro- 
gressively later by each primary svith p10 con- 
tinuing to grow right up to fledging, At fledging, 
p10 was the longest primary followed by p9. 
then p&, and finally p7 which reached around 
83% af the asymptotic length of plO (Fig. 2A 
and 28), 

‘The age at which the maximum growth rale 
‘was altained increased from p? to plQ, indicat- 
ing that feathers were not all growing at their 
maximum rate simvltaneously (Table 2). There 
was no significant difference in the age that 





‘Mean SD (range) age in days a Fist emergence of primaries and at Fedging for male and female 




















‘Age when emergenee Rer=is 27 izle a @ 
first recorded 15 days (L1S-160) isang} 
Ageat odging + Mday = 276R= 12428 OT LL 32TH ENDO OF 
62-301) 255-209) (255-30) 
‘Time for primary growth 1508 = 1 27 1264117 LASER 
ays) 1129-186) (23-188) 186) 
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Aas (days) 


LEGURE 2 ypeal ether grow ewes for (A) male (B) enaie Wands Albaos chic wig the 


Schinute model. & = PIO, 0 — 79. + 





maximum growth rate was attained, maximum 
growth rate or relative growth rate between each 
‘adjacemt primary for either sox (male: Fy = 
(0.21-4.67, female: F,, = 0.21-1.45, P > 0.05), 


nor between sexes (F,», = 045-0298, P > 0.20). 
Primary nine had the greatest maximum growth 
Tate of any feather (4.748 mun day"), which 
say be explained by ils relatively long length at 
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‘edging (96% of p10) but the shorter time dur- 
ing which this feather is growing. The maximum 
south rate of pT may have beon greater prior 
to tho heginning of the measurements as p7 was 
clover to its asymplotic value than the other p 
aries when measurements began (Fig. 2A and 
2B). Relative growth rale was consistent across 
primaries (malos: 0.009 day, females: 0,010 
ay-1) and the differences between sexes were 
not sigaificant (Fig. 3; Table 3), Primary 10 was 
the longest primary on fledging and was stil 
srowing ac 0.5 mm day”! with a relative growth 
of 0.0008 day 2, Primaries seven and eat had 
stopped growing and p9 was growing slowly at 
0.1mm day", Each primary was significantly 
smaller Fy ~ 5.08-7.60 P< 0.05) for female 
chicks on fledging when compared (© male 
chicks, but growth rales (F,., = 0.01-0:76, P > 
(030) and reintive growth ues (Fz, = 0002 
0.69, > 040) were aot 
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PATTERN OF GROWTH, 
‘The patiern of growth of primaries 7-10 is 
shown in Figure 4. For cach age, measurements 
‘were categorized according to the length of each 
primary, There is a clear wend in the pattern of 
‘growth of primaries from 8 > 7 >9 > 10 35% 
Of bitds) or 8 > 9 > 7 > 10 29%) at 205 days 
of age through 9 > 8 > 10 > 7 GAR) or 9 > 
10 > 8 > 7 (37%) at around 245 days of age 
before reaching 10 > 9 > 8 > 7 a least 10 days 
belore fledging (Fig. 4). There was some varia- 
tion hecween individual chicks in how this pat- 
tem was attained, but for 61 of the 64 chicks 
the growth followed the sequence: 7 > 8 > 9 > 
WO8>7>9> 18> 9 >7 > 10, then 
preciominately either 9 > 8 > 7 > 10 (25%) or 
8 > 9 > 10> 7 (34%), all chicks then continu- 
ing 9 >8> 10579 >10>8>7 and 
finally 10 > 9 > 8 > 7, From this two main 
‘growth patterns are apparent: (1) p9 > p8 before 
P10 > pT or (2) pl0 > p7 before p8 > p8. 
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MASS OF CHICKS AND GROWTH OF 
PRIMARIES 

CComelations berwoen the linear scaling measure, 
‘cube ruot of chick mass at 145 days and 250 
days, and growth rates and timing, were calcu 
lated and corrected for maltiple comparisons us 
ing the Bonferroni mettod (Sokal and Rohit 
1995). There was a significant comelation be: 
tween mass at 145 days and maximum growth 
rule for pT (© = 027, P < 0.01) but not for p38, 
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FIGURE 3. Typical relaive grnwth rates (€ay 1) for primaries p7-pLO for (A) male ad (B)femle Wandering 
Albatross chicks. (x ~ p10, 0 p9, 4 p8.* — pi) 
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TABLE 3 
{day ") of primaries at leging for male OF 


Mean = SD asympioic orgs (mm). growth rate (me day 2), and relative growih rac > 10° 
13) and temale (e ~ 13) Wandering Alburons chicks, 
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9, of p10. There was mo such comrclation be- 
tween mass and relative growth rate or for any 
other parameter and mass at 250 days of age, 
‘There also was a significant correlation berwoon 
chick mass at 145 days and age at fledging (7° 

1.19, P< 0.01) but not between mass at 250 
days old and age at fledging (7° = 0.03, P > 
0.05). Maximum growth rates of p7 and p& also 
were significantly comelated to mass at 145 
ays, but not p9 or p10. As p? and p& reach 
‘maxima growth rates at a younger age than p 
and p10, the mass at 145 days is more likely to 
‘influence these rates compared with primaries 
which grow later. The heavier the chick at 145 
days old, the younger the chick will tend to 
ledge. The correlation between age at which 
primaries emerged and mass at 145 days also 
‘was significant (7! = 0.19, P< 0,01), with pa 
muries emerging at a younger age in heavier 


chicks. 
DISCUSSION 


“There was considerable variation in the age, be 
tween 115 und 175 days old, when primaries 











Proporton ot 





First emerged, which was correlated with the 
mass of the chick al the sturt ofthis period. Once 
primaries started (o yrom, it ook an average of 
151-133 days for full development, around one 
half of the chick rearing period, and chicks did 
not ficdge until the growth of p10 had reached 
its asymptote, Lighter chicks, whose primaries 
femetged later than heavier chicks, fledged pro- 
ortionately later, but not before completing the 
full period required for wing and primary 
growth. Feather emergence dala were collected 
only every 15 days and only one bird edged 
Jess than 150 + 15 days after emergence of pri- 
rmaries, The actual date of fledging will depend 
fon a number of other factors such as wind con 
ditions and body mass, but most chicks fledged 
as soon as their wings were fully developed, 
suggesting this may have been an important lisn- 
iting factor There was, however, no significant 
ifference in fledging age between male and fe- 
‘male chicks, although the maximum length of 
female primaries was significantly sepaller than 
‘males. Feathers omerged at the same age, and 
growth rates were similar [f time needed to fully 
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Pattern of primary growth of Wandering Albatross chicks, (7 > § > 9 means pT is lonpee than 


develop wing feathers limits the age at which 
chicks can fledge, we would have expected fe- 
mule chicks to fledge around 4 days younger 
(using mean wing length and muximum growth 
rates) than males ws they have Tess feather to 
arom, In fact, they fledged when + days older 
Growth curves were similar [or both sexes, 
‘which suggests that other factors, operating df= 
ferentially on cach sex, may influence fledging 
date. 


GROWTH RATES 
Wing and primary growth in albatross chicks 
followed a sigmoid eurve, typical of logistic. 
type growth curves (Brown and Rothery 1993) 
‘The rate of wing growth was slow at the begin- 
sing of chick development reaching a linear in- 
crease about half way (145 days) through the 
chick rearing period (~ 280 days). Reid et al 
(in press) suggested that this is when albatross 
chicks preferentially allocate incoming resources 
to growing Hight feathers. Procellariiformes 
have relatively long wings and Hight feathers for 
birds (Adams et al. 1996), but Wandering, Al- 
batross growth rates (6.43.8 mm day | for a 
‘wing of overall length 6$5-718 mm} are rela- 
tively low compared to birds of comparable size, 
for example: Mute Swan (Cygnus olor) with & 
‘wing length of 535-628 mm have growth rates 
83-90 mm day |; Siberian Crane (Grus teu 
cogernus) wing length 538-625 mm, growth 
rte 9.0 mam day"'; Lammengeier (Gypaerus bar 
batus) wing length 693-756 mm, growth rate 
6.6 mm day" Watled Crane (Bugeranus cu 
‘runcudatus) wing length 613—717 man, growth 
rate 9.0-13.0 mum day"! (Prevost 1983). The rel 
atively low growth rates for Wandering Alba- 
lwosses are most likely due to chicks receiving 
cooly infrequent meals (about one every 3 days, 
‘with occasional fasts of 10 or more days; Tickell 
1968) of squid and some fish (Rodhouse ct al. 
1987, Croxall et a. 1988) which are of relatively 
ow energy content 

‘Thete was no difference in the maximnm 
growth rate of each primary which grow at 
around 4.5 mm day-'. This rate falls in the nid 
dle of the ranges presented by Prevost (1983) 
who reviewed growth rates in a variety of spe 
‘cies. Species with long wings rarely had growth 
fates much above 10 mm day , whereas small 
species such as the White Wagtail (Mosacilla 
alba) have growth rates of between 4 and § mm 
day ’. Langston and Rohwer (1996) consistently 








ALBATROSS WING GROWTH 367 


recorded growth rates in molting adult Laysan 
Allbatrosses (Diomecea iomutabilis) of around $ 
mim day | which, in their opinion, suggested that 
feather growth was limited physiologically. This 
conclusion was bass on the examination of 
growth bands laid down in growing feathers, 
swith the assumption that two light-dark bands 
‘Were Inid down euch 24-hr period. Growth rates 
reported here are consistent with their findings, 
as maximum growth rates of all four primanes 
measured were similar despite differences in as- 
‘ymptotic feather length. Feather growth rates of 
{developing albatross chicks also are of the same 
‘magnitude as molting adults, which further sug- 
gests physiological limitations and supports the 
‘assumptions of Langston aud Robwer (1996) 2- 
‘garding growth bands. 

‘Wardering Alhatrosses have 10 primaries and. 
432 secondaries in each wing, Using mean feather 
lengths presented here and assuming length: of 
'500 mm for the six inner primaries and 150 mm 
{for secondaries, chicks have ( grow around 
206 m of feathers before fledging. This growth 
{ completed in about 150 days. Thus albatross 
chicks are growing between (37 mm and 138 
som of flight feathers per day during the second 
balf of development. 








PATTERN OF GROWTH, 
‘This study shows that primaries do not all grow 
at the same rate at the same time. They start 
‘rowing in a particular sequence, have overlap- 
ping periods of linear growth, and eventually 
reach their asympfoto at different times. ‘The in- 
rnommost primaries grow first, while the outer- 
‘most continuc to grow right up to fledging. The 
patie of growth is very consistent and on 
fledging all feather lengths were in the order 10 
> 9 > 8 > 7. In some cases, this order was not 
achieved until 10 days before fledging, and 
around 50% of hirds were only 30 days off 
fledging before p10 became the longest primary. 
Wandering Albatrosses, unlike the smaller ale 
batcoss species which stay in their nest throagh- 
out development, arc highly mobile at an ealy 
age, an adaptation (o breeding during the winter 
in order to avoid drifting snow which may cover 
theiy nests (Tickell and Pinder 1972). Young al. 
Datrosses also spend considerable time exere! 

ing their wings to develop their pectoral muscles 
prior (o their first Hight, During these periods of 
aye! und pre-fledging exercise, chicks may 
abrade their wing feathers on contact with the 
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ground, The outermost primasies receive more 
wear than othcr ight feathers (Langston and 
Rohwer 1995) and all albatrosses so far studied 
Prioritize the replacement of the outermost pri- 
Imaries (Harris 1973, Furness 1988, Prince et al, 
1993), Givea that Wandering Albatrosses retain 
their throc outer primaries for 3 years and the 
other primaries for 4 years after edging (Prince 
et al, 1997), the observed pattem of growth 
seems likely to be an adaptation fo protect these 
utermost primaries from damage prior to fledg- 
ing 
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Anatomy and Histochemistry of Spread-Wing Posture in 
Birds. 3. Immunohistochemistry of Flight Muscles and 
the “Shoulder Lock” in Albatrosses 


Ron A. Meyers* and Eric F. Stakebake 


Department of Zoology, Weber State University, Ogden, Utah 84408-2505 


ABSTRACT As a postural behavior, gliding and soaring 
‘ight in birds requires less energy than flapping flight. 
Slow tonic and slow twitch muscle fibers are specialized 
for sustained contraction with high fatigue resistance and 
are typically found in muscles associated with posture. 
Albatrosses are the elite of avian gliders; as such, we 
‘wanted to learn how their musculoskeletal system enables 
them to maintain spread-wing posture for prolonged glid- 
ing bouts, We used dissection and immunohistochemistry 
to evaluate muscle function for gliding flight in Laysan 
and Black-footed Albatrosses. Albatrosses possess a lock- 
ing mechanism at the shoulder composed of a tendinous 
sheot that extends from origin to insertion throughout the 
length of the deep layer of the pectoralis muscle. ‘This 
fascial “strut” passively maintains horizontal wing orien- 
tation during gliding and soaring flight. A number of mus- 
cles, which likely facilitate gliding posture, are composed 
exclusively of slow fibers. These include Mm. coracobra- 
chialis cranialis, extensor metacarpi radialis dorsalis, and 
deep pectoralis. In addition, a number of other muscles, 
including triceps scapularis, triceps humeralis, supracora- 
coideus, and extensor metacarpi radialis ventralis, were 
found to have populations of slow fibers. We believe that 
this extensive suito of uniformly slow muscles is associ- 
ated with sustained gliding and is unique to birds that 
lide and soar for extended periods. These findings sug- 
gost that albatrosses utilize a combination of slow muscle 
fibers and a rigid limiting tendon for maintaining a pro- 
longed, gliding posture. J- Morphol. 263:12-29, 2008 
(©2004 Wiley-Liss, Ine, 


KEY WORDS: flight; albatross; functional morphology; 
‘immunohistochemistry 


Compared to flapping flight, gliding and soaring 
flight has been shown to be more efficient in a number 
of ways. First, measurements of oxygen consumption 
have shown that gliding is only about twice as costly as, 
resting (Baudinette and Schmidt-Nielsen, 1974), 
whereas flapping flight incurs a cost of about seven 
times that of resting (Tucker, 1972). Second, the heart 
rate of gliding pelicans was found to be about 150 beats 
per minute (BPM), compared with 190 BPM for birds 
flapping at 50 m (Weimerskirch et al., 2001). Third, 
Goldspink etal. (1978) and Meyers (1993) showed that 
sliding flight in Herring Gulls (Larus argentatus) and 
American Kestrels (Falco sparverius), respectively, re- 
quires less muscle activity than flapping flight as de- 


(0 2004 WILEY-L188, INC. 


termined by electromyography. Gliding is a more 
‘energy-efficient form of locomotion than flapping flight 
because fewer muscle fibers are required to be active. 

Gliding and soaring flight are static forms of 
locomotion in which the wings are held stationary 
in a horizontal position, while movement of the 
atmosphere provides much of the necessary en- 
ergy (Norberg, 1985; Pennycuick, 1989). The glid- 
ing or soaring bird must be able to maintain its 
outstretched wings and resist the force of air from 
below and in front, as well as support its body 
mass. The use of static, isometric contractions are 
better suited for such postural roles, due to the 
longer actin-myosin interaction and the reduced 
number of ATP molecules needed per second for 
repriming the cross-bridges. Thus, slow muscle 
fibers are more efficient for such postural activi- 
ties (Goldspink, 1980, 1981). 

‘A correlation between avian muscle fiber histo- 
chemistry and muscle function has been described 
previously (e.g., Simpson, 1979; Maier, 1983; 
Rosser and George, 1985; Welsford et al., 1991; 
‘Meyers, 1992a, 1993; Sokoloff et al., 1998), in that 
muscles thought to be used for activities such as 
locomotion have greater proportions of fast-twitch 
fibers, and muscles thought to have a postural role 
have higher proportions of slow fibers. Extensive 
studies of various birds (Rosser and George, 
1986a,b; Rosser et al., 1994), indicated that a 
number of taxa possess slow-contracting muscle 
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fibers presumed to function in posture, gliding 
flight, or underwater swimming. 

‘Avian slow muscle fibers can be classified by mor- 
phological, physiological, or biochemical criteria as 
slow tonic (ST) or slow-twitch oxidative (SO; see 
Goldspink, 1981; Hikida, 1987; Rosser et al., 1987; 
Williams and Dhoot, 1992). With respect to other 
physiological and morphological characteristics, ST 
fibers fail to respond to single nerve impulses, slowly 
shorten when stimulated repetitively (Morgan and 
Proske, 1984), and have multiple “en grappe” nerve 
terminals (Hess, 1967), whereas slow-twitch (and 
fast-twitch) muscle fibers generate an action poten- 
tial and exhibit a rapid rise in tension after nerve 
stimulation (Morgan and Proske, 1984; Torrella et 
al., 1993). Histochemically, avian SO fibers react 
like mammalian SO fibers, but avian SO fibers, like 
slow tonic fibers, are multiply innervated (Baier and 
Gatesy, 2000). Recent work on the biochemistry of 
avian myosin (Bandman and Rosser, 2000) has 
shown that birds possess nine myosin heavy chains 
(MyHC): five fast and four slow/eardiac. Two slow 
‘MyHCs, MyHC1 and MyHC2, have been found in 
avian slow muscles (typically studied are the 
chicken M, latissimus dorsi pars anterior and the 
“red-strip" of the pectoralis), with most mature fi- 
bers expressing MyHC2 only (Bandman and Rosser, 
2000). The deep layer of the pelican’s pectoralis ex- 
hibits a slow myosin isoform (SM) similar to that of 
the chicken latissimus dorsi (Rosser et al., 1994; 
‘Bandman and Rosser, 2000). These slow myosins do 
not appear to be homologous with those in mammals 
(Bandman and Rosser, 2000). 

Albatrosses are elite avian gliders. These birds, 
some with wing spans of up to 12 feet, spend a great 
amount of time gliding on the winds of the oceans, 
presumably for months (Goldspink et al., 1978). 
‘They are considered to be among the most économ- 
ical energy users among flying birds (Costa and 
Prince, 1987), possessing a metabolic cost during 
soaring (plus take-off and landing) of only about 
three times their basal metabolic rate (BMR). In 
comparison, Sooty Terns and Ring-billed Gulls show 
increases of 4.8 and 7.5 times their BMR when flying 
(Costa and Prince, 1987). Clearly, this relates to the 
amount of time albatrosses spend soaring in com- 
parison to the flapping flight of these other species. 
Further, Adams et al. (1986) found that the energy 
used by Wandering Albatrosses was 1.83 times 
BMR, the lowest value measured among breeding 
birds. This economy is related to the soaring lifestyle 
of albatrosses and to the anatomical specializations 
they possess. 


"ihe “yed strip” i a well-studied zane of slow tonic muscle fibers in 
‘the decp part of the pectrals of chickens. It represents a remnant of 
slow myosins that are more widespread during early pectoral devel- 
‘opment (see Matzuda et al, 1983). 


A wide variety of avian taxa (including alba- 
trosses, petrels, pelicans, frigatebirds, cormorants, 
storks, cranes, cathartid vultures, and various oth- 
ers) possess a deep layer of the pectoralis muscle 
(the deep pectoralis; see Meyers and Mathias, 1997, 
and references therein). It has been suggested that 
the deep layer of the pectoralis should be a slow 
tonic muscle to aid in gliding (Pennycuick, 1972; 
‘Meyers, 1993), and Pennycuick (1972) calculated 
that the energy used by the deep pectoralis of vul- 
tures is 5.86 keal/h. The deep pectoralis muscle of 
vultures and pelicans was studied histochemically 
by Rosser and George (1986a) and Rosser et al. 
(1994), respectively, and was found to be composed 
of slow muscle fibers. Rosser and co-workers indi- 
cated that the deep pectoralis is specialized for glid- 
ing and soaring flight and the superficial pectoralis, 
is specialized for flapping flight. However, very little 
is known about the fiber types in the’ pectoralis 
muscles of most soaring birds (Meyers, 1993), and 
nothing is known about the fiber types of their other 
flight muscles. 

Pennycuick (1982) discovered a shoulder locking 
mechanism in albatrosses and giant petrels and pro- 
posed that the deep pectoralis in these birds need 
not be composed of slow fibers. This was contrary to 
his previous prediction (1972; see above) regarding 
the fiber type of the deep pectoralis. He described 
the lock as being made up of a tendinous sheet 
within the superficial pectoralis and suggested that 
because of the lock, the deep pectoralis in alba- 
trosses and giant petrels should be a “sprint” muscle 
(FG/fast-fatigableAvhite) and presumed it to fune- 
tion during high-frequency wing movements ob- 
served during landing. According to Pennycuick, the 
lock restricted movement above the horizontal when 
the wing is moved into a fully protracted position, 
but releases when retracted a few degrees. In addi- 
tion, an elbow lock was reported by Hector (1894). 
‘This was rejected and replaced by an elbow “fixing” 
mechanism (Joudine, 1955; Yudin, 1957).* 

‘We had two principal goals in this study. First, we 
wanted to quantify the presence of slow muscle fi- 
bers within muscles that we believe are associated 
with gliding and soaring behavior in albatrosses 
using immunohistochemical techniques. Meyers and 
‘Mathias (1997) predicted that larger gliding birds, 
such as albatrosses, pelicans, and vultures, would 
have more muscle fibers devoted to posture and dis- 
tinet muscles relegated to a postural role. Second, 
‘we sought to describe the locking mechanism of the 
shoulder by anatomical investigation. Pre 
results of this work were presented in Stakebake 
and Meyers (2000). 


"ihe aides cited as Joudine (1955) and Yudin (1957), written in 
‘French and Rossian, respectively, are in fc by the same person. Both 
articles share identical figures and were written at the Zoologial 
Institute in Leningrad. 


“ RA. MEYERS AND EF. STAKEBAKE 
SEBEST 





Fig. 1. Diomedea immutabilis, Serial sections of M. extensor 
smetacarpi radialis pars ventralis t lustrate ALD 58 and MY32 
‘antibody reactions in the Laysan Albatross. A positive reaction 
for the anti-slow ALDSS antibody (top) results in red-stained 
fibers (asterisk), whereas a nogative reaction for a homologous 
fiber results in no color with the anti-fart MY32 antibody (bot- 
tam). Note that there is no overlap of reaction with these two 
antibodies 


MATERIALS AND METHODS 


‘Two Laysan (Diomedea immutable) and two Black-footed (D. 
nigripes) Albatrosees were dissected to study muscle attach- 
‘ments, muscle fiber types, and biomechanical functions. Fresh 
specimens salvaged by the United States Fish and Wildlife Ser- 
‘ice (USFWS), were received and stored in freezers prior to im- 
‘munohistochemical snd anatomical examination. Muscle fiber 
‘types were assayed using the histochemical protocals of Herman- 
son and Cobb (1992). After thawing, muscles on one side of th 

birds were removed, eut perpendicularly to fasccle orientation at 
smid-belly, and mounted on cork blocks with 5% gum tragacanth, 
‘The muscles were then frozen in 2-methylbutane, cooled with 
liquid nitrogen to approximately ~150°C, and stared at ~70°C 
Hor to sectioning at 12 ym in a cryostat (NssueTek I, 
‘Microtome/Cryastat, models 4561 and 4563, respectively) set at 
-20"'C. Slow fibers were analyzed by reaction with ALD 58 
(University of Iowa, Hybridoma Bank), an antibody that labels 
both slow-twitch and slow-tonic bers in mammals (Han etal. 
1999) as well as birds (Meyers, 1997). Because ALD 58 reacts 
‘with both slow-twitch and slow-tonie bird muscle fibers, no dis- 
crimination between the two was possible. Fast fibers wore iden- 
{ified with MY 82 (Sigma Chemical, St.Louis, MO), an antibody 
that labels fast-twitch Sbere in mammals and birds, Figure 1 
illustrates the typical reactivity observed with both antibodies for 
{ast and elow fibers. Samples were reacted against the antibodies 
in a humidified chamber at 4"C for 16-18 h (ALD 68) or at 25°C 
for 2 (OMY 82), 





After rinsing in phosphate-buffored saline, samples were incu- 
bated in goat antimouse antibody and stained with streptavidin. 
peroxidase system (SPS kit; Zymed Labs, San Francisco, CA) 
(Meyers and Mathias, 1997). Overlapping black and white pho- 
tographs (Olympus PAELOAD microphotography system or Nikon. 
Conlpix 995 Digital camera with ocular adapter on an Olympus 
[BIL compound microscope at 40% or 100%) of prepared muscle 
cross-sections ware taped together to create a montage of whole 
‘muscles or whole sample sections of muscles, and fber types 
‘within each musele or muscle sample were counted. The percent- 
‘age of Biber types (fast vs. slow) of whole musclo sections (six 
‘museles) or samples of larger muscles (four muscles), and the 
standard deviations were calculated (see Table 1). Musee cross- 
sectional areas wore estimated by tracing the muscle shapes from 
Glass slides and transferring the outline to graph paper. Muscle 
‘outlines were ent out and weighed and compared to the mass of a 
‘square em of the graph paper. Simpson's Rule (Thomas and 
Finney, 1996) was used to verify the calculations. Muscle areas 
(oe Table 2) are provided to illustrate the range of muscle size 
and to account for the resulting variability of muscle fiber num- 
bers. Since Laysan and Black-footed Albatrosses are closely re- 
lated (Kuroda et al, 1990; Robertson and Nunn, 1998), we pooled 
fiber numbers from both species when calculating means. 

‘Muscles were studied and examined with regard to their anat- 
‘omy and actions and divided into the following functional cate- 
series. 





Body Support 


‘This refers to postural musculature that prevents undesirable 
‘wing elevation and also functions to keep the body from “falling 
‘through the wings" (Meyers, 1983). Here, M. pectaralis, superficial 
layer (SP), and deep layer (DP), as wall asthe locking mocha 
sociated with the pectoralis, were examined from four individuals 
‘Because ofthe size af DP and SP, samples were taken from through 
cout the belles of these muscles. The locking mechanism of the 
‘shoulder was studied by wing manipulation of frech-fzen thawed 
specimens and by dissoction. The object was to identify the compo- 
‘ents of the lock, the sits of muse and tendon attachment, and 
joint mechanics associated with the shoulder. 


Wing Elevation 

‘Wing elevation is eritical to fight. Like the wings of an aircraft, 
bird wings also need to be held horizontally during gliding Might, 
In birds, this position is primarily maintained by atmoepherie 
‘movement and muscles that elevate and bold the wings at the 
horizontal. Meyers (1993) reported activity of M. cupracoracai- 
deus (SC) during gliding Aight in owtrels, The present study 
‘examined Mm. supracoracoideus (SC) and deltoideus major (DM) 
‘as the principle wing elevators from three birds. Whole cross- 
sections were taken of both heads of DM, in addition to samples 
from all three heads of SC. 





Wing Protraction 


‘These are muscles responsible for pulling the wing eranilly 
‘and resisting fores caused by the air pushing against the leading 
igo of the wing. We studied Mm. coracobrachialis cranialis 
(CBC) and the cranial edge fascicles ofthe superficial layer of M. 
pectorais (PCr). Meyers (1999) reported activity of the cranial 
‘edge ofthe pectoralis during gliding fight in kestrels. Due to its 
‘mechanically advantageous position, iti a protractor of the wing 
Fisher, 1946; Stegmann, 1964; Meyers, 1993), Whole cross- 
sections of CHC from four individuals were used; tiseue blocks 
‘averaging 48 mm* were removed from the cranial border of the 
Superficial layer of the pectoralis from three birds (see Table 2) 





Wing Extension 


‘These muscles extend or straighten the wing at the elbow and 
‘wrist joints, and also participate in the automatic extension- 
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TABLE 1. Total fiber numbers, mean number of slow fibers, and relative slow fiber percentages, for nine muscles from Laysan and 
‘Black footed Albatrosses, Diomedea immutabilis and D. nigripes 








of Fibers 
Mean # slow  % Slow fibers Mean ‘% Slow fibers 
Muscle Bird “low fast fers =SD%_Shers = SD% = SD% 
2M pectoralis, deep layer 1 NA ° = 100 100 
2 NA 0 = 100 
3° NA 0 = 100 
4 NA 0 = 100 
1M. supracoracsideus, coracaid head 2 $329 2193 2985 = 691 13 ust 
3 2020 1is2 5 
4 3005 22887 “ 
1M. deltoidous major, pare cranialis: 2 636192584511 + 4092 5 wen 
3 339 24570 8 
410559 0742 25 
1M. pectoralis,eranil fascicles 2 5688 10735 13806 + 7189 38 810 
3 23165 23026 rc 
4 12564 30107 29 
1M triceps humeralis 45966 NA 
MC triceps scapularis 14538 NA 
4 21552 NA 
‘M extensor metacarpi radials, pars ventralis: 1 7938-11624 7442+ 3479 a 40218 
2 © Gti 23585 a 
3 3061 2938 se 
412657 14906 46 
‘Mextensor metacarpi radials, pars dorsalis: © 13614-02997 + 971 100 99>20 
2 a5 oT 98 
3 ama 0 100 
4s 0 100 





“Birds 1 and 2 are D. immutabilis, 8 and 4 are D. nigripes, 


flexion mechanism of the avian wing (Fisher, 1957; Vazquez, 
1904), We examined whole croae-rections of the two heads of M. 
‘cops brachi, the triceps humeralis (TH) and triceps scapularis 
(TS) from three birds. Meyers (1998) reported activity of these 
elbow extensor muscles during gliding fight in kestrels. 

Tn addition, whole cross-sections of the two wrist extensors, 
‘Mm. extensor metacarpi radialis para dorsalis (EMRd) and ex- 
‘tensor metacarpi radialis pars ventralis (EMRv), were examined 
‘rom four individuals 


RESULTS 
Body Support 

Anatomy. The superficial layer of the pectoralis, 
(SP) originates from the keel and body of the ster- 
num, the furcula, and the sterno-coraco-clavicular 
membrane. A narrow Fascia pectoralis (Meyers, 
1992) extends along the length of the origin, ad- 
jacent to the keel, and provides additional surface 


for fiber attachment (Fig. 2). The middle one-third 
of the muscle has a combination of tendinous and 
muscular fibers on its surface. The varied fiber 
orientation is well known (see Dial et al., 1988), 
with craniodorsal fascicles oriented transversely 
(to protract the wing), cranioventral fascicles ori- 
ented dorsoventrally (to depress the wing), and 
caudoventral fascicles oriented from caudoven- 
trally to craniodorsally (to retract the wing) 
(Boggs and Dial, 1993). 

‘The SP inserts by a thick, dense tendon onto the 
base of the deltopectoral crest (Fig, 2), just cranial to 
the insertion of the deep layer (Fig. 3). It also at- 
taches onto the biceps brachii tendon where the 
latter attaches onto the bicipital crest of the hu- 
merus (Figs. 3, 4). Such an attachment of SP to the 


TABLE 2. Muscle areas, for eight muscles studied from Laysan and Black footed Albatrosses, 
Diomedea immutabilis and D-nigripes 











Bird 
Muscle 1 2 a 4 ‘Mean (mm) = SD 
‘Supracoracoideus, coracsid head ar Ey 30 38 wo=67 
Deltoideus major, pars eranialis NA rr 41 59 380 = 226 
ect thoracicus, cranial fascicles NA Es 6 85 4i7 21712 
Corscobrachialis cranialis 7 a 10 a 98225 
‘Triceps humeralis NA 56 70 58 612276 
‘Triceps scapularis 16 ca 109 6s 508 = 264 
‘Extensor metacarpi radials, pars ventralis a 26 10 25 205273 
‘Extensor metacarpi radials, pars dorsalis, 9 10 10 10 98205 





“Birds 1 and 2 are D. immutabilis, 8 and 4 are D. nigripes. 





Fig. 2. Diomedea immutabilis. Lateral view of the right thoracic wall and shoulder girdle ofthe Laysan Albatross, showing the 
superficial pectoralis and coracobrachialis cranialis museles. Propatagialis muscles have been removed. The fine dotted line on the 
pectorulis about one-third from the origin represents a transition from muscle fibers to a mixture of musele and tendon. The line about 
‘beo-thirds from the origin indicates a transition to a fully tendinous region. Similar patterns are also visible on other figures. 
coracoid; CBC, M. coracobrachialiseranialis; DMa, M. deltoideus major; DM, M. deltsideus minor, dp, deltopectoral crest F, Fascia 
pectorulis; h, humerus; e, sternum: sc, scapula; SP, M. pectoralis tharacicus, superficial layer, steraobrachialis portion; TB, thoraco- 
[brachial portion of superficial poctaralis. 


biceps tendon is not uncommon in birds (see George 
and Berger, 1966; Meyers, 1992c, 1993). 

The deep layer of the pectoralis (DP) lies be- 
tween SP and the supracoracoideus and is a com- 
plex muscle, divided into two unequal parts by the 
blood vessels passing from the subclavian artery 
to the superficial layer through a foramen in the 
muscle (Fig. 4). The cranial part makes up most of 
the deep layer and originates from the furcula, 
sternal keel, and sterno-coraco-clavicular mem- 
brane. Most’ of the muscle fascicles of this part 
converge and form a flat tendon that passes deeply 
to the SP and inserts onto the base of the deltopec- 
toral crest, just caudal to the insertion of SP (Figs. 
3,4). 

‘The caudal part is oval in shape and arises from 
the caudal aspect of the sternum (Fig, 4). It has a 
tendinous surface and inserts with the biceps ten- 
don onto the bicipital erest of the humerus. At this 


location it is joined by fascicles of the SP that also 
insert onto the biceps tendon. The tendinous inser- 
tions of the two parts of DP are continuous with each 
other (Fig. 4) 

‘The superficial fascia of DP is relatively thick and 
extends from origin to insertion across the entire 
surface of the muscle. Relatively short muscle fasci- 
cles insert at an angle on an internal tendon that 
parallels the superficial fascia throughout the 
length of the muscle from origin to insertion (Fig. 3). 
‘This internal tendon and thickened fascia have a 
ligamentous function and make up the “shoulder 
lock,” which passively limits wing elevation above 
the horizontal. 

Immunohistochemistry. All samples of DP 
from four birds reacted against ALD 58 revealed a 
uniform pattern of slow muscle fibers (Fig. 5). In 
contrast, all samples of SP revealed uniform fast 
fibers after reaction against both antibodies (Fig. 5), 
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Fig. 3. Diomedea immutabilis. Ventral surface of right hu- 
‘merus ofthe Laysan Albatross, showing muse attachments onto 
the proximal end. In the avian anatomical position, eranial isto 
‘the [ef and lateral to the bottom of the page. be, biipital crest; 
CBC, insertion of M.coracobrachialis eranialis; dpe deltopectoral 
crest;h, humeral head; SC, insertion of M. supracoracoideus; DP, 
insertion of M. pectoralis, deep layer; SP, insertion of M. pecto- 
7alisthoracieue, superficial layer, td, tuberculum dorsale. 


with the exception of the cranial border of SP, dis- 
cussed below. 


Wing Elevation 

Anatomy. The M. supracoracoideus (SC) has 
three distinct heads originating from the sternum, 
coracoid, and furcula (Fig. 6). All three heads con- 
verge to form a thick tendon that inserts onto the 
tuberculum dorsalis along the deltopectoral crest of 
the humerus (Fig. 3). A fourth “deep” part of SC was 
described and illustrated in Diomedea nigripes by 
Kuroda (1960), who also cited its existence from 
Forbes (1882). Subsequent articles (Kuroda, 1961; 
George and Berger, 1966; McKitrick, 1991) refer toa 


deep layer or four-part SC in albatrosses, citing each 
other or Kuroda (1960). Vanden Berge and Zweers 
(1993) identified this deep layer, which arises from 
the sterno-coraco-clavicular membrane, as being the 
ventral head of M. deltoideus minor (see Fig. 6). This, 
was supported by Kovacs and Meyers (2000), who 
noted that this deep muscle in the puffin Fratercula 
arctica is innervated by the axillary nerve and is 
more properly considered a part of M. deltoideus 

The M. deltoideus major (DM) extends from the 
cranial scapula to the dorsal surface of the pectoral 
crest and adjacent proximal shaft of the humerus 
(Fig. 7). A larger cranial head makes up most of the 
muscle; the caudal head lies along the caudal border 
of the latter. A typical scapular anchor attaches to 
the DM (Meyers, 1992c; Fig. 7). Both SC and DM act 
to elevate the wing. 

Immunohistochemistry. All three heads of SC 
‘as well as both of DM possessed numerous, evenly 
distributed populations of slow fibers throughout 
these muscles (Fig. 8). The coracoid head was arbi- 
trarily selected for fiber quantification and was 
found to possess 14 + 1% slow fibers (Table 1). The 
cranial head of DM was chosen likewise and pos- 
sessed 13 + 11% slow fibers. This is the first known, 
documented description of slow fibers in SC or DM 
in any bird. 


Wing Protraction 

Anatomy. The cranial edge of the superficial 
layer of the pectoralis (PCr) has fibers that cross the 
cranial aspect of the shoulder joint and are posi- 
tioned to protract the wing (Fig. 2). Species with 
highly bowed furculae (e.g., alcids) typically utilize 
these cranial fibers for wing protraction during flap- 
ping flight (see Stegmann, 1964). 

‘The M. coracobrachialis cranialis (CBC) lies at the 
deep aspect of the cranial shoulder joint and extends 
from the coracoid to the cranial surface of the hu- 
merus. It is a thin, flat muscle, arising from the 
processus acrocoracoideus of the coracoid, and 
crosses over the cranial surface of the shoulder ar- 
ticulation (Figs. 4, 6). CBC inserts onto the Impres- 
ssio coracobrachialis of the humerus, deep to M. pec~ 
toralis (Figs. 2, 3). The CBC is overlain by a dense 
sheet of collagenous tissue (Lig. acrocoracohume- 
ale) that extends from the muscle’s origin to the 
distal part of the deltopectoral crest (beneath the 
pectoralis) and also to the bicipital crest (Fig. 6). 

Immunohistochemistry. The PCr had 38 + 10% 
slow fibers. In a muscle sample of 47.7 +17 mm? 
there were an average of 13,806 slow fibers (Table 
1). These slow fibers were distributed more densely 
along the cranial edge of the superficial pectoralis, 
and became more diffuse and less numerous cau- 
doventrally. All samples from birds studied (n = 3) 
revealed a similar pattern of slow fibers (Fig. 8). No 








Fig. 4. Diomedea immutabitis. Lateral view ofthe right thoracic wall and shoulder girdle of the Laysan Albatross, showing the deep 
pectoralis and coracobrachialis cranialis muscles. Superficial pectoralia and deltoid muscles have been removed. A window cut into the 
deep pectoralis shows its fasccle orientation and the presence of an internal tendinous sheet, which forms the shoulder lock. The SC 
‘eam be seen deep to the deep pectoralis through the window. o, opening through which blood vescels pass from supplying the superficial 
pectoralis~it separates the deep pectoralis into cranial and caudal parts; c, coraccid; CBC, M. coracobrachialis cranialis, DP, M. 
pectoralis, deep layer, dpe, deltopectoral crest; f;furcula; b, Bumerus i, area of insertion of the deep pectoralis onto the bicipital 
crest—the superficial pectaralis inserts here as wells, sternum; SC, M. supracoracoideus, t, internal tendon of deep pectaralis, which 


forms the wing lock. 


other area of the superficial pectoralis possessed 
slow fibers. 

‘The CBC was found to be uniformly slow (= = 
6,576 + 2,920 fibers, n = 4) (Fig. 8; Table 1) 


Elbow Extension 

Anatomy. The two parts of M. triceps brachii 
extend the wing at the elbow in birds. The humeral 
head (triceps humeralis; TH) originates on the hu- 
merus near the Fossa pneumotricipitalis. It ean be 
roughly divided into two parts, with different fasci- 
cle orientations. The lateral part has fascicles that 
extend obliquely from the humeral shaft to the ten- 
don, whereas the medial part extends more in par- 
allel with the tendon, The triceps humeralis inserts 
distally on the olecranon of the ulna (Fig. 9). 

The scapular head (triceps scapularis; TS) arises 
by a narrow, round area on the lateral surface of the 


scapular shaft. An additional attachment, via a 
“scapular anchor” (Retinaculum m. scapulotricipi- 
tis) anchors the cranial edge of the muscle to the 
proximal humeral shaft. At its insertion, TS is 
joined to the antebrachial fascia, and inserts onto 
‘the Processus cotylaris dorsalis of the ulna, adjacent 
to the olecranon (Fig. 9). 

The tendons of TH and TS are bound together by 
loose connective tissue for most of their lengths. The 
insertions, although distinet, are connected length- 

Immunohistochemistry. Both heads of M. tri- 
ceps were composed of both fast and slow fibers (Fig. 
10). In TH the slow fibers were evenly distributed, 
throughout the muscle, In TS, the concentration of 
slow fibers was greatest along the caudal end and 
the ventral edge, then diminished to almost no slow 
fibers at the cranialmost end. Due to the large size of 
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the muscle cross-sections (TH: 61 + 7 mm*; TS:90 + 
26 mm*; see Table 2) slow fibers only were quanti- 
fied from three muscles. In one bird (D. nigripes), 
there were 5,966 slow fibers in TS, and 21,552 slow 
fibers in TH. In another (D. immutabilis), TS had 
4,538 slow fibers. 


Wrist Extension 

Anatomy. Wrist extension is facilitated by the 
automatic extension-flexion mechanism of the avian 
wing (Fisher, 1957; Vazquez, 1994) and also through 
action of Mm. extensor metacarpi radialis dorsalis 
(EMRg) and extensor metacarpi radialis ventralis 
(EMRv). Vazquez (1994) suggested that as a two- 
joint muscle, EMR can extend both wrist and elbow. 
EMR¢ lies dorsal to the pars ventralis, with a fleshy 
origin from the distal surface of the patagial ossicle 
(Fig. 9). It tapers quickly to a long tendon, which 
becomes fused with the tendon of EMRv by about 
halfway down the length of the ulna. 

‘The EMRv lies deep to the pars dorsalis and orig- 
inates by a robust, round tendon from the ventral 
surface of distal humerus, ventral to the Processus 






supracondylaris dorsalis (Fig. 9). Both EMR muscles 
insert by a common tendon onto the Processus ex- 
‘tensorius of the proximal carpometacarpus. 

Immunohistochemistry. The EMRv had a 
mean of 40 + 13% slow fibers for four birds (Fig. 10; 
Table 1). 

‘The EMRd was composed exclusively of slow fi- 
bers in three birds (Fig. 10), whereas one D. immu- 
tabilis had 97% slow fibers (see Table 1). 


DISCUSSION 
Slow Muscle Fibers and Posture 


Slow muscles have been well studied with respect 
to their involvement in postural activities across 
many taxa and musculoskeletal regions (e.g., see 
‘Armstrong, 1980; Putnam et al., 1980; Mendiola et 
al., 1991; "Hermanson and Cobb, 1992; Meyers, 
1992a; Hermanson et al., 1993; Rosser et al., 1994; 
‘Meyers and Mathias, 1997; Gellman et al,, 2002). 
Goldspink (1980, 1981) has indicated that isometric 
contractions are best suited for postural roles and 
that slow muscle fibers are known to be more effi- 
cient in such roles. 








Fig. 6. Diomedea immutabiis. Lateral view ofthe right pectoral region and shoulder girdle ofthe Laysan Albatross, showing Mm. 
supracoracoideus, coracobrachiali eranilis, and sternocoracoideus. Deep pectoralis muscle has been removed. ac, acrocoracohumeral 
ligament; i, area of insertion of the deep pectoralis onto the bicipital crest—the superficial pectoralis inserts hore as well, coracoid; 
CBC, M. coracobrachialis cranialis; DAti, M. deltoideus minor, deep layer, f, furcula; h, humerus; SC, M. supracaracoideus (1 = 


coracoid head; 2 — farcular head: 3 
‘membrane; , sternum; StC, M.sternocoracoideus. 





Body Support 


The pectoralis muscle is active during gliding 
flight as shown by electromyography in gulls (Gold- 
spink et al., 1978) and kestrels (Meyers, 1993). The 
predominant fast-twitch fibers of the superficial pec- 
toralis muscle would not be suitable for endurant, 
gliding behavior (but see Meyers and Mathias, 
1997). 

‘A deep layer of the pectoralis is common to gliding 
and soaring birds, Although it can depress the wing, 
the deep pectoralis is believed to act during gliding 
to support the body between the wings via isometric 
muscular contraction. 

The diversity of avian species with superficial and 
deep layers of the pectoralis has been described by 
Meyers and Mathias (1997; see references therein). 
Knowledge of this division of the pectoralis goes 
back at least to Forbes (1882), who said it was char- 
acteristic of albatrosses, storks, vultures, Phaethon, 





sternal head); ec, sternocorscoid joint and associated ligaments; scr, sterno-corace-clavicular 





Fig. 7. Diomedea immutabilis, Dorsal view ofthe right shoul- 
dor of the Laysan Albatross, showing Mm, deltoideus and triceps 
lbrachil. Propatagial musculature has been removed. DMCa, M. 
deltsideus major, caudal head; DMCr, M. deltcideus major, cra- 
nial head; DM, M. deltoideus minor; dpe, deltopectoral crest; b, 
Jhumerus; sa, scapular anchor, TS, M. triceps scapularis. 
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Fregata, Plotus [=Anhinga], Sula, and Pelecanus. 
Fisher (1946) indicated that its main function (in 
vultures) was to hold the wing down against the air 
moving upwards, Kuroda (1960, 1961) suggested 
that the deep layer was an adaptation to soaring 


aL 


flight (and was thus absent from birds that did not 
soar), that it acted to hold the wing motionless de- 
spite wind action from below, and that its fibers 
should be “white” for this purpose. In 1972 Penny- 
cuick indicated that the deep layer makes up 8~10% 
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Fig. 9. Diomedea immutabilis. Dorsal view of the right elbow 
region of the Laysan Albatross, showing the insertions of Mm. 
‘cops and the origins of Mm. extensor metacarpi radialis. AF, 
‘antebrachial fascia; EMR4, M. extensor metacarpi radialis pars 
dorsalis; EMR, M. extensor metacarpi radials pars ventralis; b, 
Jhumerus;o, patagil osscle; oc, oleeranon area of ulna; pe, Proc. 
Cotylaris dorsalis of ulna; Pr, Lig. propatagiale; TH, MM. triceps 
Ihumeralis tendon; TS, M. tricepe seapularis tendon. 





of the entire pectoralis mass in vultures and storks, 
that it was most probably a tonic muscle, and also 
calculated its power consumption. In 1982, Penny- 
cuick described the shoulder lock in albatrosses, and 
suggested that the deep layer should be a twitch, 
rather than tonic, muscle (see below). 

Rosser and George's (1986a) thorough study on 
the pectoralis of 43 species of birds revealed only a 
few species with slow fibers in this muscle, Subse- 
quent examination of Turkey Vultures (Rosser and 
George, 1986a) and White Pelicans (Rosser et al., 
1994) revealed that their deep pectoralis muscles 
were uniformly slow. The pelican was found to ex- 
press the SM2 myosin, also found in the tonic ante- 
rior latissimus dorsi (Rosser et al., 1994; Bandman 
and Rosser, 2000), suggesting the deep pectoralis is 
tonic as well. A small cluster of slow-twitch fibers 
(~20) was found in the deep region of the undivided 
pectoralis of only one California Gull (Meyers and 
‘Mathias, 1997). No slow fibers were found in various 
regions of the pectoralis of two Herring Gulls or one 
Ring-billed Gull studied by Rosser and George 
(1986a). Likewise, only fast fibers were found in the 
pectoralis of skuas and Herring Gulls (Caldow and 
Furness, 1993). Meyers and Mathias (1997) sug- 
gested that fast fibers may function during gliding 
and soaring in California Gulls, which lack the deep 
layer to the pectoralis and any functional quantity of 
slow fibers. The endurant properties of gull pectora- 
lis muscle during isometric contractions need to be 


tested experimentally. Other gliding and soaring 
taxa that lack the deep layer (e.g., eagles, hawks) 
need to be investigated as well. 


Shoulder Lock 


Pennycuick (1982) discovered the locking mecha- 
nism in the albatross shoulder (although Rayner 
first mentions Pennycuick’s finding in his 1981 ar- 
ticle), and described it as being made up of “a sheet 
of tendon forming part of the superficial pectoralis 
muscle.” In three species of albatrosses examined 
(Wandering, Black-browed, and Light-mantled: D. 
exulans, D. melanophris, and Phoebetria palpebrata, 
respectively) he found the lock at a “superficial level” 
in the pectoralis, with a small amount of muscle 
lying over it, whereas in the Southern Giant Petrel 
(Macronectes giganteus) he described the lock as be- 
ing on the deep surface of the superficial pectoralis. 
‘Due to the presence of the lock, and the pale color of 
the deep pectoralis muscle, Pennycuick (1982) sug- 
gested that the deep layer should be a fast muscle 
(not slow tonic), specialized to function during land- 
ing when albatrosses rotate their wings about the 
long axis at frequencies twice that of flapping (see 
Scholey, 1982). Bannasch and Lundberg (1984) ex- 
amined Macronectes and provided more detail on the 
anatomy of the lock. They reported (as we do) that 
the locking tendon is found within the deep pectora- 
lis, and also suggested that the muscle should be 
tonic—even though they agreed with Pennycuick 
about the unusual wing rotation in albatross land- 
ing. Bannasch and Lundberg suggested that the su- 
perficial pectoralis can contribute to the rotation 
described by Scholey and Pennycuick. Our own ob- 
servations of Macronectes support the suggestions of 
Bannasch and Lundberg. The lock in the giant pe- 
‘rel as well as two additional albatross species we 
examined (D. exulans and melanophris) was quali- 
tatively identical to that in D. immutabilis and D. 
nigripes, and was clearly located within the deep 
pectoralis muscle. Furthermore, the pale color Pen- 
nycuick observed is typical for the deep pectoralis 
and avian slow tonic muscles in general (Meyers, 
pers. obs.) 

Pennycuick (1982) described the albatross locking 
‘mechanism as a functional consequence of full wing 
protraction, and reported that the lock could be “re- 
leased” by retracting the wing a few degrees. Con- 
trary to Pennycuick's findings, we could not get the 
lock to release using the manipulations he de- 
scribed. The wing lifted easily only when the inter- 
nal tendon of the deep pectoralis was cut (in one 
specimen excessive manipulation tore the deep pec- 
toralis off of the sternum). We suggest that since the 
lock is made up of collagenous tissue extending from 
origin to insertion, elevation would require some 
degree of stretching or a changed skeletal configu- 
ration to provide slack in the tendon. 
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As is well known, the coracoid forms a saddle-like 
synovial joint within the coracoid sulcus of the ster- 
num (Baumel and Raikow, 1993; see Fig. 6), and is 
able to slide or glide within this joint through the 
action of the M. sternocoracoideus. The functional 
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significance of this sliding movement is not known. 
It is not believed to function in respiration (Vanden 
Berge and Zweers, 1993) as previously suggested 
(Raikow, 1985); Dial et al. (1991) found that it is 
active at the upstroke-d transition, just 
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prior to the beginning of downstroke. They indicated 
that this activity pulls the coracoid caudolaterally, 
deflecting the acrocoracoid process laterally and 
spreading the shoulders. This movement was also 
reported by Atkins (1977) who showed the effect on 
coracoid translation on linkage ligaments in the pi- 
‘geon pectoral girdle. He calculated a coracoid sliding 
angle of about 30°, corresponding to a decrease in 
the distance from the glenoid to the sulcus of about 
0.6 mm in the pigeon. We suggest that this lateral 
movement of the coracoid within the sternal sulcus 
(which we also observed as possible in albatrosses), 
may also reduce the distance from the pectoralis 
insertion to the origin. The movement of the coracoid 
caudolaterally would bring the glenoid (and there- 
fore the pectoralis insertion onto the humerus) to- 
wards the sternum, thus decreasing that distance. 
‘This reduced distance could make elevation of the 
humerus possible without stretching the tendinous 
shoulder lock. Whether any stretching or elasticity 
of this tendon is possible requires additional in vivo 
physiological measurements, and a further evalua- 
tion of the function of M. sternocoracoidens in alba- 
trosses. 

Other locking mechanisms have been deseribed 
for bird and bat feet (Quinn and Baumel, 1990; 
Schutt, 1993) and horse knees (Sack, 1989) and 
shoulders (Hermanson and Hurley, 1990). The ar- 
rangement of an internal tendon within the deep 
pectoralis, extending from origin to insertion as the 
limiting strut, is analogous to that found in horse 
biceps brachii, and that muscle's role in quiet stand- 
ing (Hermanson and Hurley, 1990). The slow, short- 
fibered fascicles within the lateral head of the horse 
biceps brachii were suggested to be important for 
small amounts of force production required over long 
periods of time, This provided sufficient tension on 
the internal tendon for maintaining posture through 


heads of supracoracoideus (SC), as well as deltoid 
major (DM), all possessed about 13% slow fibers. 
‘The SC and DM have not been well studied with 
respect to their fiber types. Neither muscle had any 
slow fibers in kestrels (Meyers, 1992a), nor did the 
SC in skuas or Herring Gulls (Caldow and Furness, 
1993) or starlings (Goslow et al., 2000). Boesiger 
(1987, 1992) reported two fiber types in the SC of 
five passerine and three galliform species, but these 
were classified as lipid-rich and lipid-poor. No slow 
fibers were mentioned. That these muscles have 
both fast and slow fibers in albatrosses seems to 
agree with their dual role in flight—as powerful 
wing elevators during take off and landing, as well 
as stabilizing muscles for prolonged soaring. 


Wing Protraction 


We found the M. coracobrachialis cranialis (CBC) 
to be exclusively comprised of slow fibers in alba- 
trosses. This suggests the importance of postural 
control in wing protraction for gliding flight. Fisher 
(1946) found larger CBC muscles in condors than 
vultures and suggested that it was an adaptation for 
improved soaring ability. Stegmann (1964) indi- 
cated that doves use this muscle for wing protrac- 
tion, since they lack a bowed furcula and could not 
use the cranial part of the pectoralis for this action. 
‘Meyers and Mathias (1997) found the CBC of the 
California Gull to have about 8% slow fibers, 
whereas Double-crested Cormorants contain 31% 
slow-twitch fibers, assumed to function in their 
wing-drying posture (Meyers, 1997). Meyers (1992a) 
surveyed CBC along with other kestrel shoulder and 
brachial muscles and found it to be uniformly fast- 
twitch. Simpson (1979) described various percent- 
ages of tonic fibers in several pigeon muscles, includ- 
CBC, but did not quantify fiber types. 





slight regional adjustments (Hermanson and Hur- 
ley, 1990). A similar situation exists in the horse 
knee joint, which requires a low level of vastus me- 
dialis activation to stabilize the knee despite the 
presence of a “locking mechanism” (Schuurman et 
al., 2003). The uniform, slow fiber composition of the 
deep pectoralis provides a postural, endurant stabil- 
ity to the lock that limits wing elevation to, or below, 
the horizontal during gliding and soaring. This ap- 
pears to provide fine control of wing elevation when 
confronted with the buffeting of rigid ocean winds 
during maneuvers such as banking and turning. 


Wing Elevation 


Wing elevation musculature is important to glid- 
ing flight as an antagonist to the pectoralis in main- 
taining static shoulder stabilization in the trans- 
verse plane (Meyers, 1993). Based on the uniform 
slow fiber composition of albatross deep pectoralis 
(DP), one might predict slow fiber populations for 
muscles of wing elevation as well. Indeed, all three 


‘The cranial edge of the superficial pectoralis (PCr) 
has a large population of slow fibers. These slow 
fibers exist only within that portion of SP that is 
apparently best suited for wing protraction. Meyers 
(1993) found this region active during gliding flight 
in kestrels, yet it was exclusively fast in that species. 
similar, although much smaller population of slow 
fibers (about 100 fibers in only one of three birds 
examined) was found in this region of the pectoralis, 
of cormorants (Meyers, 1997). These too were as- 
sumed to function in the wing-drying posture. No 

low fibers were found in this region of the Califor- 
nia Gull pectoralis (Meyers and Mathias, 1997) 





Wing Extension 


The histochemistry of the triceps muscle is per- 
haps one of the best studied of the non-pectoralis 
flight muscles in birds. Kovacs and Meyers (2000) 
found 1% of the puffin TS to be slow tonic (four out, 
of 480 fibers). No slow fibers were found in the TS of 
mallards, coots, or Yellow-legged Gulls (Torrella et 
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al,, 1996, 1998a,b, 1999), although Meyers and 
‘Mathias (1997) found fewer than 40 slow (twitch) 
fibers in two out of three California Gulls studied. 
‘This discrepancy may be due to the fact that Meyers 
and Mathias examined the entire muscle in eross- 
section, whereas Torrella and colleagues relied on 
three small sample areas of about 500 fibers each 
(Torrella et al., 1999). Hector’s (1894) suggestion 
that the sesamoids of the patagial fan (subsequently 
investigated by Mathews, 1936, and Brooks, 1937) 
act as an elbow lock in albatrosses has been rejected 
by Yudin (1957) and cannot be substantiated by our 
anatomical observations. The arrangement of the 
sesamoid is peculiar, and has been suggested to 
function as a strut in the long patagial tendons 
(Mathews, 1936; Brooks, 1937). In his analysis of 
Hector’s proposed mechanism, Yudin described an 
elbow “fixing” mechanism. When the wing is ex- 
tended, the proximal radius butts against the distal 
humerus, thus limiting the degree of wing extension 
(and therefore the wrist as well). Joudine [Yudin] 
(1955) suggested that albatrosses and other soaring 
species (e.g., Pufjinus griseus, Fulmarus glacialis, 
Oceanodroma furcata) possessed this elbow “stop” 
bbut those without this specialized flight mode did 
not. 

Like the triceps, EMR histochemistry has been 
relatively well studied in birds. Cormorants have 29 
and 6% slow fibers in their EMRd and EMRy, re- 
spectively (Meyers, 1997); almost identical percent- 
ages were found in California Gulls (28 and 6%; 
Meyers and Mathias, 1997). Torrella et al. (1998a) 
reported 9.4 and 3.6% of SO fibers in their sampled 
regions of EMRd and EMRv of coots, and 6.1 and 8.1 
in Yellow-legged Gulls (Torrella et al., 1998b). Mal- 
lards (Torrella et al., 1998a) and House Finches 
(Meyers, unpubl. obs.) have uniformly fast EMR 
muscles, These numbers contrast sharply with the 
slow muscle content in the albatross EMR. 


Development and Evolution of the Deep 
Pectoralis 


Rosser et al. (1994) discussed the evolution of the 
deep pectoralis in Gruiformes and Ciconiiformes. 
‘They suggested that the deep layer developed from a 
separate neuromuscular compartment of the deep 
“red strip” of the undivided pectoralis. They also 
discussed the relationship of the mammalian soleus 
within the triceps surae as being analogous to the 
superficial/deep pectoralis in soaring birds 

Peters (1989) indicated that during evolution, 
neuromuscular compartments can split off from 
their parent muscle and may allow special functions. 
Studies of primitive marsupials suggest that the 
soleus arose as a neuromuscular compartment from 
the lateral gastrocnemius (Lewis, 1962). In lizards, 
the homolog to the triceps surae is a single muscle, 
with slow fibers (a neuromuscular compartment) sit- 


‘uated in the same position and function as the mam- 
malian soleus (Putnam et al., 1980; Peters, 1989). 

‘The pectoralis of chickens possesses muscle fibers 
that react with antibodies to both fast and slow 
myosins (Bandman et al., 1982), In 11-day chick 
embryos, slow myosin light chains were detected 
throughout the entire pectoralis (Matsuda et al., 
1982). By day 16 the slow myosins begin to disap- 
pear, and become restricted to the most anterior 
region of the muscle by day 2 posthatch (Matsuda et 
al., 1983). Pigeons show some reactivity to the slow 
myosin antibody (NA8) throughout the pectoralis at 
13 days in ovo, but have a uniformly fast pectoralis 
as adults (Rosser et al., 1998). A similar ontogenetic 
pattern of widespread slow fibers that are replaced 
by fast fibers can be found in the pectoralis of the 
bat, Myotis lucifugus. Myotis has a deep area of the 
pectoralis with slow fibers in late fetal life through 5 
days postnatally, giving way to a muscle that is 
100% fast in adults (Schutt et al., 1994). These stud- 
ies may provide an explanation for the development 
of slow fiber regions within the pectoralis muscle of 
gliding and soaring species. Since slow myosin is 
typically expressed first, those species with a deep 
layer may retain this early developmental feature. 
‘This can also explain the existence of slow fibers in 
the cranial part of the pectoralis, where they are not 
part of a distinct, isolated muscle, but are presumed 
to be a functional neuromuscular compartment. On- 
togenetic studies may elucidate the development of 
these pectoralis fiber types. 

‘Meyers (1993) described the evolution of gliding 
morphology and identified birds with a “partly di- 
vided” pectoralis. These birds (including kestrels, 
ravens, dippers, Sandhill Cranes) have a region of 
muscle fascicles, largely arising from the furcula 
and adjacent connective tissues, which insert onto 
the biceps tendon overlying the bicipital crest of the 
humerus (Meyers, 1993) (Fig. 11). This morphology 
is similar to that of the deep pectoralis, and Meyers 
(1993) indicated that this could represent an inter- 
mediate step in the evolution of gliding and soaring 
birds. In kestrels, this region was active during glid- 
ing flight in a windtunnel, but had no slow muscle 
fibers (Meyers, 1993). The muscle fiber types within 
the region of other species with the “partly divided” 
morphology are presently unknown. 

Chick limb muscles typically cleave from adjacent 
muscles from origin to insertion (or vice versa) but 
notin the middle (Schroeter and Tosney, 1991; Kar- 
don, 1998). Schroeter and Tosney (1991) reported 
that most of the thigh muscles cleave from insertion 
to origin and stated that a similar pattern also exists 
within the forelimb (see also Sullivan, 1962). This 
cleavage pattern does not appear to be related to the 
pattern of blood vessels, activity, or innervation. 
‘Therefore, the “partly divided” morphology de- 
scribed by Meyers (1993) might represent a partial 
or incomplete cleavage beginning at the insertion 
and stopping before the muscle was cleaved in two. 
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others, with a deep, slow layer inserting separately onto the 
biceps tendon. B, M. biceps brachii; h, humerus. 


In species with a completely separate, slow, deep 
layer, cleavage would complete and produce two 
muscles (Fig. 10), and the slow muscle fiber compo- 
nent of the deep layer would be retained. 

Sullivan (1962) reported that the separation of 
pectoralis and supracoracoideus is visible by stage 





25-26 (~4.5 days: Hamburger and Hamilton, 1951). 
Presumably, a deep/superficial pectoralis separation 
would be visible by this stage as well. Muscle devel- 
opment and embryo studies of a readily available 
species with a slow deep layer (e.g., pelicans) may 
reveal more on the development and evolution of 
this structure. 


Biomechanics of the Deltopectoral Crest 


In albatrosses, the bulk of the deltopectoral crest 
is devoid of muscle attachment; the large pectoralis, 
muscle inserts at the base of the crest, and the 
deltoideus muscle does not reach the edge of the 
crest (Fig, 3). Thus, the crest protrudes farther than 
“necessary” for muscle attachment. This is in con- 
trast to birds such as pigeons and starlings, where 
the entire surface area of pectoralis insertion is onto 
the crest (Dial and Biewener, 1993). It is well known 
that the pectoralis muscle produces pronation of the 
wing in addition to depression (Bannasch and Lun- 
dberg, 1984; Dial et al., 1988). An attachment closer 
to the edge of the crest would increase the muscle 
in-lever, and hence, pronation ability, since it would 
‘move the insertion further from the axis of rotation. 
Why then is the crest larger than needed? We sug- 
gest a few possibilities: 1) The patagialis muscles 
arise from the furcula and pass over the deltopec- 
toral crest. The more the crest protrudes, the greater 
the leverage of these muscles, although’ they do not 
attach to the crest, 2) The large, “unused” part of the 
crest may be the result of differential growth of the 
humerus and not be strictly “adaptive.” Further in- 
vestigations can evaluate these hypotheses and oth- 


Use of Frozen-Refrozen Tissue 


Jouffroy et al. (1999) reported that they could get 
reliable immunohistochemical results with fixed tis- 
sue, While we were unable to duplicate their success 
with fixed albatross tissue, we were able to use tis- 
sue from previously frozen specimens. In some 
cases, birds had been stored in the freezer for over 
1.5 years. Our specimens were frozen on site in 
‘Hawaii, shipped to us, then thawed and refrozen in 
liquid nitrogen. Comparisons with control tissues 
showed no affect of refreezing, nor were there any 
serious freezer artifacts. Previous research of this 
type has typically made use of fresh, unfrozen spec~ 
imens, requiring histochemical or immunohisto- 
chemical analysis to be completed soon after speci- 
men death (although Rosser et al., 1994, also used 
previously frozen tissue), We were impressed with 
the quality of the sections as well as antibody reac~ 
tivity. This unconventional technique may facilitate 
future research in muscle histochemistry and immu- 
nohistochemistry, by allowing specimen freezing, 
‘thawing, reaction, and subsequent photography or 
analysis without qualitative muscle tissue damage. 
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CONCLUSIONS 


This study revealed immunohistochemical, ana- 
tomical, and biomechanical data heretofore un- 
known or poorly described in albatrosses. Immuno- 
histochemical reactions were used to identify 
muscles within the albatross gliding flight appara- 
‘tus that possessed slow (postural) fibers, including 
some that were uniformly slow (CBC, EMRd, and 
DP). This appears consistent with the extreme na- 
ture of gliding and soaring behavior in these birds 
and the low energetic cost of locomotion in these 
birds (Costa and Prince, 1986), and sharply con- 
trasted with findings of most other birds studied. 
‘This study also reinvestigated the anatomy and bi- 
‘omechanies of the shoulder lock discovered by Pen- 
nycuick (1982). The tendinous locking mechanism, 
which functions to limit wing elevation above the 
horizontal, was discovered to be associated with the 
deep layer of the pectoralis in this investigation, 
rather than the superficial layer of the pectoralis as 
described by Pennycuick (1982). Pennycuick’s place- 
ment of the shoulder lock, its ability to release, and 
the prediction of fast fiber types in DP are not con- 
sistent with the findings of the present study. 
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An inflatable wing using the principle of Tensairity 
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[Abstract] The paper describes the new concept Tensairity which can be used 
to significantly improve the load bearing capacity of inflatable wings. The basic principle of 
‘Tensairity is to use an inflatable structure to stabilize conventional compression and tension 
elements. So far, Tensairity has been mainly used in civil engineering application like roof 
structures and bridges. In this work, considerations to apply Tensairity to wing structures 
are given and the construction of two wing-like Tensairity kite prototypes is described. Test 
results on the Tensairity structure used in these kites are presented and compared to purely 
air inflated structures. Finally, the advantages of Tensairity wings are discussed and some 
application areas of these wings are suggested. 














Nomenclature 

= Young's Modulus [| Nim*] 
height [m] 
‘moment of inertia [m'] 
spring coefficient [Nim] 
length [m] 
bending moment [Nm] 
force IN] 
pressure [Nim] 
distributed load [Nim] 
radius [m] 
force IN] 
slenderness [-] 

= angle [rad] 


1. Inflatable wings 


he idea of using an inflatable structure to build a load carrying wing has a long history. In a patent from 1933, 
inflatable spars were already suggested. During the 1950's there were two interesting developments in manned 
flight using inflatable wings (the Inflatoplane from Goodyear and the British ML Aviation MkI, which is a tailless 
design)'. In the more recent past, from 1990-2000, the Swiss company ‘prospective concepts’ developed a series of 
airerafis with inflatable wings as technology demonstrators’. The Stingray, a tailless desiun with 13m span had webs 


in chord direction and operated with a very low intemal pressure of 0.02-0.05:10° Nim* (Fig. 1). 
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Figure 1. The manned inflated aircraft Stingray of ‘prospective concepts’. 


In the later prototypes Paeuwing and Pneumagic, slender wings were realized with webs in span direction and a 
higher internal pressure in the order of 0.7-10° Nim* (Fig. 2). The spacing between the webs is very small (in the 
order of a few centimeters) to accurately define the airfoil shape. 


Figure 2. The manned inflated aircraft Pneuwing (left) and Pneumagic (right) of ‘prospective concepts’. 


Recenly the interest in inflatable wings is shifted to un-manned aircraft with examples as the NASA. Dryden 
12000 inflatable wing and the prototypes of the University of Kentucky in cooperation wth ILC Dover 

Inflatable sur kites can also be seen as inflatable wings although there the definition of the airfoil is much 
cruder. The front of the airfoil is shaped by a single air tube (with an internal pressure of 0.510* N/mm’). The rest of 
the airfoil is a thin membrane behind this tube, tensioned by air stats in chord wise direction and the wind. The 
development in these kites is advancing quickly asthe sporti gaining popularity. Most of the development follows 
from experiments by surf kite designers, although cutenly the scientific interest in kites is increasing for their 
possible use in energy production and ship propulsion" 

One advantage of inflatable wings is that their Hexbility gives them the capability to recover fom gusts and 
crashes, Also it gives an opportunity to actively morph the wing for contol. However, this flexibility also has a 
disadvantage, To get enough stiffness fora certain lad capability ether high pressure, thick wings, low aspect ratio 
ora combination ofthese factors is necessary. A way to improve the load bering capacity and stiffness of inflatable 
wings while keeping most ofthe advantages isto use the structural concept Tensarty. 
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IL. Tensairity® 


‘The basic idea of Tensairty” is to combine an airbeam with conventional cables and struts to improve the load 
bearing capacity of inflatable structures”. The name Tensairty, a combination of tension, air and integrity, reflects 
the relationship with the structural concept Tensegrity. Developed by R. Buckminster Fuller, Tensegrity structures 
use a combination of cables and struts purely loaded in tension and compression, where two compression elements 
only interact with each other by means of the cables In short, Tensairty is Tensegrity plus ar. 

‘The basic Tensairity beam consists of a compression element, a low pressure airbeam which is tightly connected 
to the compression element and two tension elements which run from end to end of the compression element in a 
spiral way around the airbeam (Fig. 3), Following Ref. 8 and 9, the low pressure airbeam (typical pressures for 
‘Tensaiity are in order of 0.1-10° N/m’) pretensions the cables and stabilizes the compression element against 
buckling 


compression element 








7 
airbeam, \ 


cable 


Figure 3, Basic Tensairity beam element. 
‘Some fundamental relations shall be briefly summarized. The slendemess ofa girder is defined as: 


L 





a 


with L and Ry defined as in Fig. 4 





L 
Figure 4. Forces in a Tensairity beam element. 


If a distributed load q acts on the structure, the load is transferred by the airbeam to the tension elements 
(cables). The total force in the tension element is given by 





* Tensairity” is a patented technology of the Swiss company Airlight Ltd developed in close collaboration with 
prospective concepts ag. The Tensairty research activities of ‘prospective concepts’ have been recently transferred 
to the Center for Synergetic Structures at Empa, the Swiss Federal Laboratories for Materials Testing and Research, 
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As the tension element is tightly connected at both ends with the compression element, the horizontal foree low 
is closed leading to a compressive force in the compression element. For a compression member not only the 
stresses but also buckling phenomena have to be taken info account, In case of a simply supported structure, the 
allowable compression load ean by approximated by Euler buckling, where the buckling load depends as the inverse 
square of the length of the element, In Tensairity, the compression element is tightly connected to the airbeam which 
ccan be considered as a continuous elastic support In this case, the allowable compression load is independent of the 
length and given by [ref. 8} 





Pa2-J 8 


\here k is the spring coefficient of the foundation. The spring coefficient of the airbeam in a Tensairity structure 
depends mainly on the internal overpressure and can be approximated by 


kaper 4) 
This means that the allowable buckling load for a compression element in Tensairity is approximated by 


parE Tl o) 





P 





Depending on pressure, Young’s modulus and moment of inertia , this allowable buckling load is in general 
higher than the Euler buckling load and can be higher than the load based on the yield stress of the material 

First realized applications of Tensairity are bridges and roof structures (Fig. 5). Light weight, fast and easy setup, 
new formal language and lighting options are properties of Tensairity which make this technology interesting for 
civil engineering applications, But Tensairty is a general concept for light weight structures and thus by no means 
restricted to civil engineering applications, It is the purpose of this work to investigate the potential of Tensairity for 
‘wing structures, 








test bridge with 8 m span (left) and roof over a 
parking area in Montreux, Switzerland with 28 m span. 
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IIL. Theoretical weight comparison 


As a first attempt to demonstrate the potential of Tensaiity, the weight of different structures under the same 
load conditions and geometries are compared. A simple airbeam, a truss, a Tensairity spindle and a Tensairity web 
spindle are considered. Next to the cylindrical form (Fig. 3), Tensairity girders can also have a spindle shape as in 
the roof structure of Fig. 5. In this comparison only symmetrical spindles are considered. The spindle shape leads to 
stiffer structures by using less membrane material compared to cylindrical shaped Tensairityl0. A further 
improvement of Tensairity is possible when a web is placed between the tension and compression element (Fig. 6). 


oo 
rae . 


Figure 6. Cross-section of a Tensairity spindle (left) and a Tensairity web spindle (right). The black dots 
indicate tension and compression element. 











This web will give an additional support for the compression element increasing the value of the spring 

ficient in Eq. 4. This improves the stabilization of the compression element and can further reduce the necessary 
intemal pressure. The main function of the air pressure for the Tensairity web structure is to pretension the web 
‘which then stabilizes the compression element against buckling. 

A span of 3m is assumed for all girders in this test and a distributed bending load of 250 N/m is applied on the 
simply supported beams, while different values for the slenderness are investigated. To have a fair comparison the 
‘russ structure has the same spindle shape. The airbeam, however, has a cylindrical shape, because a spindle shaped 
airbeam would buckle at the thin supported ends, The slenderness of a spindle is defined in the same way as in Eq, 
1, where Ry is the radius in the middle of the structure. In case of the web spindle, the slenderness is defined as the 
ratio of length over the height of the web in the middle of the structure, The four different structures used in this test 
are shown in Fig. 7, 
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Figure 7. Four structures investigated in the theoretical weight study: a.) simple cylindrical airbeam, 
b.) truss, c.) Tensairity spindle, d.) Tensairity web spindle. 
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‘The following materials are used in the calculations if appropriate: high E-modulus carbon/epoxy for the 
‘compression elements (E = 142.5 GPa, Ga = 490 MPa), high tension carbon/epoxy for the tension elements ( 
115 GPa, Gy = 890 MPa), and an Aramid/PU composite for the membrane (E = 35 GPa, Gig, = 550 MP3). 

To find the minimum weight for each structure at each slenderness under the given load conditions different 
parameters were varied. For the Tensairty spindle the pressure was varied. The pressure determines the thickness of 
‘the membrane of the airbeam and has an influence on the size of the compression element (Eq. 5). In case of the 
‘web Tensairity spindle the angle @ between the top of the web and the center of the adjacent tube was varied (Fig, 
5). This angle determines the necessary internal pressure to pretension the web and the area of the membrane. 

In case of the truss the number of equally spaced vertical elements was varied. The number of vertical elements 
has an influence on the size of the vertical elements, the diagonal elements and the buckling of the compression 
clement. For the airbeam, no parameter was varied. However, the pressure needed to sustain the moment in the 
middle of the beam was calculated’ and from this pressure the membrane thickness determined. The safety factor for 
the membrane was set to 2. Local buckling of the thin walls of the square shaped compression elements as well as 
‘global buckling were taken into account. No minimum was put on the cross sectional area of the compression and 
tension elements and the thickness of the membrane, The weight of the connections between the elements both in 
the truss and in Tensairity were not taken into account and the out of plane stability was not considered. 





Treortal weight comparison (L=3mq~= 250 Nem) 
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Figure 8. The minimal weight of various structures for given load condition and span as a function of the 
slenderness. 


‘The result of this theoretical weight study is shown in Fig. 8. For slendemess above 10, the airbeam is the 
heaviest structure. This is due to the fact that the air pressure of a simple airbeam increases with the square of the 
slenderness*, The high pressure leads to high fabric tensions and thus to a thick membrane. The Tensairity spindle is 
considerably lighter than the airbeam. The much smaller air pressure in Tensairity allows for a thinner membrane 
‘and thus a drastic weight reduction which is by no means compensated by the weight of the additional compression 
and tension element, The lightest structure is the web Tensairity spindle, where the pressure can again be reduced. 
For slendemess values above 20, the difference between truss and web Tensairity becomes negligible. The reason is 
that for high slendemess values the weight of both the truss and Tensairity is dominated by the weight of the 
‘compression and tension elements. The weight of the compression element is then determined by the material limit 
too and no more a function of the type of support (air, web or strut). This tendency can also be seen for the normal 
‘Tensairity spindle which approaches the weight of the truss and web Tensairty for high slendemess values. 

‘The major result of this theoretical study is that the weight of a Tensairty structure is comparable to the weight 
of an optimized truss. The web Tensairity structure is lighter than the normal Tensairity structure by a further 
reduction of the air pressure, The airbeam is from all structures the heaviest one for slendemess values above 10. 
‘Typical slenderness values for wing structures can be in the order of 50. Thus, much weight can be saved compared 
to the conventional inflatable wing design by using Tensairity. 
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IV. Experiments on a Tensairity web spindle 


To get a better insight into the loading capabilities of a slender Tensairity web spindle, a test model of a 
‘Tensairity spar with the two adjacent tubes was built and loaded in different configurations. The dimension of the 
asirder is defined by the kite model with 2 m* area which will be discussed in the next section. The model was made 
using the same light weight materials as for the kite: Exel carbon tubes as compression elements, an Aramid line as 
tension element, aluminum connection elements and Icarex polyester rip-stop fabric with a PU coating as restraint. 
‘Compared to the kite, only the bladder was of a slightly heavier polyethylene foil, due to availability. The length of 
the test model was 3.1 m, the radius of the tubes about 45 mm, the maximum height of the web 58 mm and the 
angle @ varied from 50° in the center of the tube to 78° at the ends of the web,. These dimensions result in a 
slendemess of 53 (see Eq. 1). Both the tension and compression element have the shape deseribe a circular are over 
the length of the girder and are inserted in pockets sewn at the top and bottom of the web in the restraint, The 
distributed load was approximated by using 9 load introduction points. The test model was supported at both ends. A 
drawing of the test set-up can be seen in Fig. 9. 


4 4 
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Figure 9, The experimental set-up for a Tensairity web spindle. The arched lines are the tension and 
compression clement. The compression element is on the upper side under the given load conditions. The web 
is the area between tension and compression clement. 




















In the first experiment, the Tensairity web configuration was compared with a simple inflatable configuration 
(air tubes), that means the tension and compression element were removed from the structure in this case. In Fig. 10, 
the load deflection diagram is shown for a pressure of 0,075:10° Nim’ 
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Figure 10, Experimental load-deflection diagram for a Tensairity web spindle and the according air tubes 
(simple airbeam) for a pressure of 0.075-10° Nim’. 
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‘The stiffness and the maximum allowable load of the air tubes are as expected at the same pressure much smaller 
forthe air tubes than for Tensarity. The deflection curve of Tensairiy is very straight upto the point of buckling. A 
similar result is found for other investigated pressure values ranging from 0.025-10° N/m’ to 0.1:10° Nim”. An effect 
‘which lowers the allowable buckling load in Tensairity is the moving of the compression element in the pocket 
under large deformations". This effect can be reduced by a careful design of the pocket increasing the friction or by 
connecting the membrane after assembling at both ends with the compression element. 
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Figure 11. Load-deflection diagram of the Tensairity web spindle for different pressure values. 








The load-deflection diagram for the Tensairity web spindle at different pressure values is shown in Fig. 11. With 
increasing pressure, obviously the buckling point is postponed and the stiffness increases. The positive influence of 
the pressure on the stiffness can be partly explained by the increased friction between the pocket and the 
‘compression element for higher pressure values. However, the major effect of the pressure on the stiffness is a more 
pretensioned membrane which leads to a more constant spacing between tension and compression element. 

‘An analytical estimation is also shown in Fig. 11, which was made using the modified Castigliano’s theorem 


coe . 


where P is a dummy load. As a simplification, only the tension and compression element with a fixed distance 
(infinitely stiff web with infinite pressure) were considered in this model. The bending stiffness El varies along the 
length x of the beam due to the geometry of the spindle and the bending moment M varies with x too. However, due 
to these simplifications, the deflection of this analytical model is independent of the air pressure. Considering Fig. 
10 it is @ reasonable approximation to neglect the contribution of the air tubes to the stiffness of the Tensaiity 
structure. As can be seen in Fig. 11, the stiffness of the Tensairity web spindle is quite well approximated by the 
simple analytical model especially for high pressure values, 
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The increase in weight by adding the compression and tension element to the air tubes in Tensairty is very small 
‘compared to the increase in stiffness and allowable load. The weights of the test girder model are given in table 1 

















Pare ‘Material Weight (ar) eof tonal weight 
‘Compression element | Exel carbon tube 3.9x2.5 mm 34 108 
Tension element 2mm Aramid line 3 16 
Connection elements | Aluminum 2 38 

Total Tensairity 16 
Restraint Tearex kite fabric 31 gem 3 23 
Bladder Polyethylene 70 grim? 178 565 
Total weight 35 00 











Table 1, Weights of the different components of the fest web Tensairily girder. 


‘The tension and compression elements are only 16% of the total weight of the structure which is dominated by 
‘the weight of the restraint and especially the weight of the bladder. Using a thinner bladder would reduce the total 
‘weight of the girder. However, this would also slightly increase the portion of the tension and compression element 
to the total weight 


. Inflatable Tensairity Wings 


Several ways to insert Tensairity in a wing structure were investigated, but eventually a fully inflatable multi 
spar wing with two discrete Tensairity elements was chosen, The spars with Tensairity are placed at about 15% and 
70% of the wing chord. The positions of the tension and compression elements of the Tensairity spars are indicated 
‘with the black dots in Fig. 12. In this way the advantages of Tensairity and an inflatable wing can be fully used. As 
shown in Fig. 12 an outer hull was used to smooth the surface. The trailing edge was made of foam. 





1 NOT TI 
Figure 12. The Tensairity spars in the 4 m? kite (MH 91 airfoil). 


To investigate the applicability of Tensairty in wing structures, two kites were constructed. These kites enabled 
construction of prototypes in a short time and allowed to test Tensairity wings in flight without the need of power 
andlor radio control. The first full-scale model was a 2 m’ kite with a span of 3 m. This size generates enough power 
to do measurements and is big enough to ease production. For production reasons the taper ratio was chosen equal to 
1. A second prototype has a surface area of 4 m* and a span of 4.5 m to generate more force and to make the period 
of the oscillations inthe flight dynamies of the kite abit larger (Fig. 13). 








Figure 13. The complete 4 m” Tensairity kite after inflation, 
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Because of the low internal air pressure inthe order of $000 Nim in the Tensairty wing lightweight materials 
can be used. For the restraint and the outer skin, kite fabric (rip-stop polyester (Learex, 31 gv/mr) or rip-stop nylon 
(Chikara, 42 gr/m?) with a thin PU coating) is used. The bladders are made of thermoplastic polyurethane (56 gr/m?) 
‘or Mylar (MC2, 21 grim’), To fix the shape to the wailing edge of the wing low density polypropylene foam 
(Eperan, 20 kg/m’) is used. The Tensairity compression elements are carbon fiber kite tubes (Exel) and the tension 
‘elements are made of Aramid (Edelrid)/Vectran (Marlow ropes) lines, These materials lead to a total weight of about 
(600 grim for both kites. Depending on the size of the wing and the number of cells of the restraint, the tension and 
‘compression element make up only between 10% to 15 % of the total weight. The tension and compression elements 
‘of both kites are designed such that the wing can take up a maximum load of 250 Nim. The use of kite fabric meant 
that the restraints could be made with a simple sewing machine resulting in fast and simple production, 

‘The kites where tested on different beaches at the coast of the Netherlands, dependent on the wind direction, 
because a sea-wind is preferred. The wind speeds ranged from 4 m/s to 12 m/s (3-6 Beaufort). The test flights had in 
general a short duration (up to 5 minutes) and after each flight the kite was adjusted, especially in the bridle, or the 
test was canceled. First tests were made with 2 lines but a 4 line bridle proved to give more control. In the final 
bridle the power lines were connected to the front spar at the compression element, while the steering lines where 
‘connected to the compression element of the rear spar or even atthe tips of the kite. To reduce the deflection at high 
loads and to increase the maximum allowable load of the kites, an extra attachment point was added in the middle of 
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Figure 14. The final bridle of the Tensairity kites (the arrows in 

















Figure 15, The 2 m? Tensairity kite with 4 control ines in full fight 


Due to the high L/D of the kites and the very flat shape, the kites were very responsive and fast. Only 
experienced kiters were able to fly with the kites. Because of the airfoil the small kite tended to be unstable at small 
angles of attack and the 4 m kite proved difficult to handle (on the ground) in high winds, because of its size and 
stiffiess. During the test flights the tips of the bladders (especially the thin Mylar bladders) proved to be very 
vulnerable, 
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VI. Conclusions 


‘The new structural concept Tensairity does have interesting properties for wing structures, Theoretical 
investigations show, that the weight of a Tensairity structure is comparable to an optimized truss structure and much 
lighter than a simple inflatable structure for slenderness values typical in wings. Experimental tests with a Tensairity 
‘web girder confirm that the stiffness is much higher in Tensairity compared to a corresponding conventional 
inflatable structure with the same intemal pressure. Therefore, compared to conventional inflatable wings, either a 
considerable amount of weight can be saved at a comparable stiffiess or a considerable increase of stiffness at a 
comparable weight can be gained with Tensairity wings. The increased stiffness can be used to increase the span, for 
better performance or to increase the load bearing capacity of the wing. The lower pressure has consequences for the 
weight (use of lighter and cheaper materials) and the survivability. In case of a leakage it is much easier to 
compensate the air leakage with a small integrated pump, while stil keeping structural rigidity. On the spot repairs 
of fissures are possible with simple methods at low pressure, too. Since the rigid elements are placed inside the 
‘wing and thus protected by an aircushion, the Tensairity wing has a good crash resistance. The ability to flex under 
gusts and overloads of a Tensairity wing is slightly less compared to a normal inflatable wing due to the presence of 
the rigid compression elements, but this is compensated by the higher allowable load. A disadvantage of the 
‘Tensairity wing presented in this work compared to conventional inflatable wings is that the Tensairity wing can not 
be deployed by simple inflation due to the rigid compression elements. The set up requires some small assembly by 
inserting the compression elements in their pockets, making the Tensairity wing not feasible for some special 





Practical testing of Tensairty wings by using them as kites worked wel, although they are difficult to fly. This 
however isnot related tothe Tensairity concept but tothe critical stability behavior ofa rectangular wing which was 
chosen to simplify the manufacturing of the Tensairty kite in this work. Other wing shapes e.g. delta wings can be 
realized with Tensairty without conceptual problems. But using a Tensairty wing as a kite was a fast, cheap and 
easy method to get a first impression ofthe flight behavior of a wing and to refine the constructional details 

‘The application area of a Tensairity inflatable wing is very wide. It ean be used in Ultra Light aircrafts like the 
Pneuwing of ‘prospective concepts’, or hang-gliders like the Pneumagic. It would also be very interesting for small 
UAV’s like the ones developed by ILC Dover and the University of Kentucky, which have a comparable restraint 
shape. Currently the research with Tensairty wings is mainly focused on kites, because the L/D of a Tensarity kite 
is due to the good airfoil at least twice as high asin conventional kites. This makes the Tensairity kite interesting for 
use asa high altitude record kite (research on this subject was conducted atthe faculty of aerospace engineering as 
part of an ESA project"), as part of a wind powerplant or for ship propulsion 
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Birds and their Wing Shapes 

Activity Information Sheet 

With over 9,000 species of birds in the world and over 715 species in just the United States 
alone, you can find birds almost everywhere you go. Because birds are found in all types of 
environments, bird species come in all sizes and shapes with wings thatare adapted for their 
survival needs. What, specifically might a bird need its wings for? Take some time to think 
and then list your ideas here: 








On these pages we are going to focus on flight. There are four general wing shapes that are 
common in birds: Passive soaring, active soaring, elliptical wings, and high-speed wings. 



















Passive soaring wings have long primary 
feathers that spread out, creating "slots" that 
allow the bird to catch vertical columns of hot 
air called "thermals" and rise higher in the air. 
Examples of birds with this wing type include 
eagles, most hawks, and storks. 

‘The Bald Eagle is a classic example of a bird with 
passive soaring wings. 


Active soaring wings are long and narrow, 
allowing birds to soar, or fly without flapping 
their wings, fora long time. However, these birds 
are much more dependent on wind currents 
than passive soaring birds. Examples of birds 
with this wing type are albatrosses, gulls, and 
gannets. 

‘The Laysan Albatross has very long and narrow 
wings that are well-adapted for the strong, 
constant winds over parts of the ocean. Its up- 
and-down flight style allows it to use small 
differences in wind speed to go long distances 
without using a lot of energy. 


Elliptical wings are good for short bursts of high speed. They 
allow fast take offs and tight maneuvering. While they allow high 
speed, the speed cannot be maintained. Examples of birds that 
have this wing type are crows, ravens, blackbirds, sparrows, and 
thrushes (such as the American Robin). 

Common Ravens are acrobatic flyers. It's not uncommon to see 
ravens doing rolls and somersaults with their elliptical wings, 


High-speed wings are long and thin, but not nearly as long as birds 
with active soaring wings. As the name suggests, birds with this wing 
type are incredibly fast, but unlike those with elliptical wings, these 
birds can maintain their speed for a while. Examples of birds that have 
this wing type are swifts, ducks, falcons, terns, and sandpipers. Notice 
the slender wing form of the Forster's Tern. 
















Anda final type of wing 





Hovering wings are small and quick. For hovering wings, in addition 
to the wing shape, the bird's nerves and muscles are specially adapted 
for incredibly fast movement. 

‘The Ruby-throated Hummingbird might appear to float in 
space while sipping nectar and hovering from flower to flower 
thanks to its quick and mighty wings. 


What paper airplane models do you think reflect the wing 
types we've featured here? 








Wings also might be adapted for any of the following: migration, attacking prey, attracting a 
mate, camouflaging into the surroundings, swimming in a lake or the ocean, or simply for 

fluttering around for food. How might you adjust your paper airplane to fitany of the 
functions above? (Be creative!) 











This information presented here is provided by the Cornell Lab of Ornithology and the activity 
is by the BirdSleuth K-12 Education Programs of the Cornell Lab of Ornithology. To find more 
information, activities, or science content on birds, please visit www.BirdSleuth.org 





BIRD 


Resources for constructing different types of paper airplanes 
‘The links below can be stretched from 4th grade up. 
1. Fun Paper Airplanes- a great site with a variety of levels of ability 
www funpaperairplanes.com/ 
2. Alex's paper airplanes- many different types for more experienced students 
http://www.paperairplanes.co.uk/planes.php / 
3, The World Record Paper Airplane Book by Ken Blackburn and Jeff Lammers 
4. Your imagination! Some kids have designed their own beautiful airplanes that were 
inspired by birds. 
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‘The paper describes the optimization of a boomerang, simulating its trajectory by a dynamic 
model coupled to CFD analysis to compute aerodynamic coefficients. The optimization process 
flow and formulation is built within the commercial process integration and optimization 
software modeFRONTIER. The design variables involved are primarily the geometric 
parameters to change the shape of the boomerang. To steer the complete process of 
optimization, from variables variation to performance evaluation, modeFRONTIER is coupled 
to Catia v3 software for geometry modification and mass properties evaluation, to MATLAB 
for dynamic simulation, and to the commercial Computational Fluid Dynamics (CFD) tool Star- 
CCM+ for aerodynamic analysis. In addition, dedicated RSM (Response Surfaces Methods), 
available in modeFRONTIER, are used to extrapolate the aerodynamic coefficients as a 
function of the angle of incidence and velocity, as required by the dynamic model, through a 
reduced number of CFD analyses (database) for each geometric configuration. Different design 
simulations are therefore executed automatically by modeFRONTIER following a dedicated 
optimization strategy, until the optimal configuration of the boomerang is found, accordingly to 
the specified requirements, such as minimum energy required for the launch, maximum 
‘accuracy in returning, and a guaranteed minimum range. The physical complexity of this, 
apparently simple, problem, and the not standard appli cease, has heen selected as an 
interesting benchmark that can be disclosed in full to test the multi-objective and multi- 
disciplinary capabilities of the optimization environment modeFRONTIER. 












































Nomenclature 
o, first boomerang precession angular velocity 

% second boomerang precession angular velocity 

v = boomerang center of mass velocity magnitude 

XYZ absolute fixed reference system 

NE partially fixed on the boomerang reference system 

123 fixed on the boomerang reference system 

XYZ boomerang center of mass absolute position 

0,0, = angular velocity of the reference system. 

8.0, Euler angles ofthe reference system xy: with respect to the reference system XYZ. 

$ angle between y axis of the xyz reference system and 2 axis of the 123 reference system 
iy Oy we = ‘boomerang angular velocity components 

o boomerang angular velocity magnitude 

BBE aerodynamic plus gravitational force components acting on the boomerang 

4 = aerodynamic force acting on the boomerang 

Te TyTyyTy = aerodynamic torque components and aerodynamic torque acting on the boomerang 

é = boomerang gravity force 

Fu) = non dimensional aerodynamic force acting on the boomerang 

Tev.u) ‘non dimensional aerodynamic torque acting on the boomerang 

v angle between boomerang center of mass velocity and boomerang plane of rotation (incidence angle) 
a boomerang characteristic dimension (radius) 

huts ‘minimum, medium and maximum boomerang principal moments of inertia 
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= non dimensional boomerang velocity 
air density 
= boomerang mass 
gravity acceleration 
Reynolds number 
angular velocity of a generic moving reference system 
origin velocity of a generic moving reference system 
position of a point that belongs to a generic moving reference system 
velocity ofa point that belongs to a generic moving reference system 
origin velocity of a generic moving reference system 
= fluid velocity with respect to a generic moving reference system 
generic external force vector 
generic fluid pressure 
viscosity stress tensor 
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L Introduction 


OOMERANGS were born in Australia, they were created by Aborigines as tools for hunting and fighting purposes, 
‘but in a different varity also as toys. The word boomerang, “bumarangs” originally, comes from an Aborigines 
‘sub-group, the Turuwal, that lived close to Sidney, and means “the fighting weapon”® . The real "bumarangs” were 

in fact effective weapons having a range of about 130-140m and having been known to pass completely through an 

adversary or prey when the body was struck directly by the edge of the weapon. 

Nowadays boomerangs in the world are used as outdoor play objects, and one requisite they must have is that once 
thrown they follow a curved path and return back to the thrower. The objects called “bumarangs” by Aborigines were 
not returning, but they also used a returning similar object called with a different name: “bargan’, that means “bent like 
sickle” or "crescent moon”, because of its shape®. This object was used as a toy to be thrown for amusement, since it 
\was not suited for hunting or fighting: unlike the “bumarangs” in fact the “bargan” was very hard to aim, and of course 
when hitting a target it stopped from returning to the thrower, pretty much defeating the purpose of the design, However 
the name “bargan” was lost and only the word “boomerang” passed into the English language and has become known 
all over the world, So when we say boomerang we are referring to a weapon only from the etymological point of view. 

In any case a boomerang is a sort of (in most of the cases wooden) object which can be thrown in such a way that 
it rotates rapidly, a condition that produces an interaction with the air that makes it follow a path very different from 
that of an ordinary thrown stick: in the not returning variety this interaction makes the object assume a pretty steady 
straight trajectory and allows it to reach a good distance at a very high speed, while in the returning variety the 
interaction allows the object to draw a curved circular trajectory coming back to the thrower. 

Inthis article we will focus only on the latter; the main purpose will be designing an easy to be launched boomerang 
able to draw a nice returning trajectory, satisfying at the same time a constraint on its range (Je. the maximum distance 
reached from the thrower). Since each different boomerang needs to be launched in a slightly, or completely, different 
way also the lunch parameters will be optimized for each new candidate design, 


IL. Boomerang flight physics 
‘Typical boomerang are about 30-50 em across, but even very small or very large varieties exist, moreover many 
different kind of shapes are possible: from the traditional “V" shape or “moon” shape with two arms to the most 
complicated ones with weird shapes and three or four arms. 
Shapes, dimension and weights are very different (Fig.1*) 
according to the main task the launcher wishes to achieve 
which can be more focused on obtaining a long distance path or 
very short or conversely very long time flight 





However in any boomerang itis possible to identify on each 
farm some blades having a typical aerodynamic shape: 


‘© radial blades (airfoils) on the edge of each arm: 
© are blades (stabilizers) on the tip of each arm. 


In Fig2 a boomerang with two arms is sketched (the angle 
between them is 180°), and the position of the blades is shown’ 





Figure 1:Different hoomerangs shapes 
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Figure 2: Airfoil (or radial blades) and stabilizers (arc blades) in a simplified 180° boomerang, 


‘The radial blades work during the entire rotation of the boomerang, but mainly when their velocity is opposed to the 
boomerang center of mass velocity, while the are blades work only when the corresponding arm is aligned enough with 
the translational velocity, as depicted in Fig.3° 
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Figure 3: Radial blades and arc blades position at their maximum efficiency. 


A boomerang must be thrown with its plane of rotation almost vertical in an almost horizontal direction and with a 
high spin. The boomerang at the beginning seems to fly away but after a while it swerves to the left (for aright handed. 
boomerang) and also upwards, draws a wide loop approaching the thrower and, in some cases. draws close to the 
thrower another loop. The path can then assume a sort of “o” trajectory or an “8” trajectory. Some typical boomerang 
tuajectories are illustrated in Fig.20 and Fig.22. The boomerang plane of rotation, vertical at the beginning, is closer to 
the horizontal atthe end. 

‘This peculiar fight is due to the boomerang interaction with the air by its blades. The key point is the high spin: the 
interaction with the aerodynamic forces exerted by the blades causes two kind of precessions, the first (angular velocity 
0) responsible for the boomerang return and the second (angular velocity 0) responsible for the boomerang plane of 
rotation mutation (vertical at the beginning and almost horizontal atthe flight end) that in turn allows the boomerang to 
stay in air for more time (the lift component that contrast the weight increases as the boomerang rotation plane becomes 
‘more and more horizontal). The ratio between first and second precession angular velocity affects the trajectory: 





+ Stee drut in a altos “0 tjetory (a complete fit precession loop coresponds to a 
quart of the second precession) 

+8263 he boomerang dae ot come ck an lies forward with cokserow trajectory 

+ 254 the boomerang semaine vented vertically to lng (it force component does not 


contrast gravity) and falls down with a classic ballistic trajectory. 


‘The first precession is caused by the radial blades, Let us consider an ave reference system having origin always 
placed in the boomerang center of mass, with the x axis oriented asthe translational velocity and the z axis oriented as 
the boomerang rotational axis (Fig 4). The combination of spin and translational boomerang velocity makes always one 
radial blade have a higher relative air velocity than the other blades. The higher the relative velocity is and the higher 
the lift force (orthogonal to the boomerang plane of rotation) is exerted by the corresponding boomerang blades. The 
unbalance between the lift forces on the different blades causes a torque having an.x momentum component that in turn 
‘causes a precession around the y axis. Moreover the lift forces on the arms make the center of mass of the boomerang 
follow a curved trajectory. 











Figure 4: Boomerang main precession responsible for the boomerang return, 


‘The second kind of precession is caused instead by the arc blades. Each arc blade indeed becomes active when the 
boomerang gets a position in which radial blades are more or less parallel to the flight direction as mentioned before 
and. the are blades are built, by a proper dihedral angle and angle of attack (see Fig.12), in such a way that the air 
impacting will exert on the arm a lift force having ay momentum component that causes a precession around the x axis 
(Fig). This precession is responsible for the mutation of the rotation plane of the boomerang that tends to lay down 
and hence helps the radial blade lift forces to contrast the gravity. 

Another additional phenomenon (mainly for two arms boomerang). responsible for the boomerang plane to lay 
down during the flight, is given by the position of the arms (the angle for two arms boomerangs is less than 180°) that 
are often designed in order to provide a different lift. The arm exerting the higher lift force isthe one that at its 
‘maximum lift position is placed forward with respect to the center of mass (see Fig.6 left) so that it will give a torque 
with a_y momentum component that causes a precession around the « axis, the other arm instead is placed behind the 
center of mass at its maximum lift (see Fig.6 right) and in a similar way it will contrast the previous precession, but this 
arm effect is lower than the previous, since its lift force is lower. So the final effect will be the precession of the 
boomerang around the x axis 

For two arms boomerang the arm that is forward with respect to the center of mass at its maximum lift is called 
leading am, the other one is called ailing arm. From now on we reler to this two names when talking about the 
boomerang arms (see also Fig.11). 








Figure 6: Boomerang positions when each arm exerts the maximum lift force. The center of mass position with 
rent. 





respect to each arm is 


III. Equations of the boomerang motion 
In order to write the equation of motion three different reference systems are considered, as depicted in Fig.7" 


+ Reference system XYZ: itis an extemal inertial reference system, in which we wish to find the 
path of the boomerang center of mass 

Reference system 123: itis fixed to the boomerang. Its origin is placed in the boomerang center of 
mass, the axes /23 are the principal axes of inertia ofthe boomerang with fy < Ip < ly 

‘Reference system xye: itis a system partially fixed on the boomerang: its origin is always in the 
boomerang center of mass and its z-axis coincides with the 3-axis of the previous reference 
system. The projection of the boomerang center of mass velocity on the xy plane is always 
directed as -x. (OQ, y,,) isthe angular velocity ofthis system. 








Figure 7: Reference systems considered for the boomerang motion equations 


‘The position of the reference system xyz with respect to XYZ can be identified by the classical Euler angles (8, 9, 1p) 
as shown in Fig.8! 
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Figure 8: xyz reference system position with respect to the external XYZ and its Euler angles. 


To write the equation of motion it is possible to proceed in this way: 

i) the motion of the center of mass is written with respect to the xyz relerence system; 

ii) the motion of the boomerang (basically the position of its principal axes) is written with respect to the 
center of mass; 

ili) the previous equations are smoothed during a complete rotation of the boomerang i. the boomerang 
angular velocity (a, @y ai; ) is averaged over a single rotation period; in this way any term 
multiplied by sin(2) or cos(2¢) can be discarded (where @ is the angle shown in Fig,7); this 
simplification is justified, since we are not interested in the fast luctuations of the boomerang motion, 
that have a characteristic time of the order of variation of one rotation period or less: 

iv) since the boomerang spins rapidly a, ay, & Wy: Wy & Wytdy: wy & dar, $0 the corresponding 
terms are discarded: 

¥) the previous equations are writen with respect to the XYZ reference system, using the Euler angles. 

By these steps itis possible to achieve the following equations! 
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Where Vis the velocity magnitude of the boomerang center of mass; m the boomerang mass; W isthe angle 
between the boomerang velocity andthe negative x axis (namely the angle of incidence ofthe boomerang): 8,9, yp are 
the Euler angles of the sy reference system ,,7y,Ty, Fe, By are torgue and force components in the xyz reference 
system, bssically due tothe interaction between the boomerang and the ar and to the pravity force. The gravity force 
(that has the -Z diection of the extemal reference system) can be expressed in the yz reference system as f= 
=mg(sind siny, sind cosy, cosd) 

"The absolute position of the boomerang center of mass can be found as function ofthe previous parameters by: 


Af = V (— cos (cosy) cas  — sin sin cas) — sin sing sind) 
¥ =V(—cos¥(cos psing +siny) cosy cos) + sin cos@ sin 8) 
V(— cos sin sind — sin V cos 8) 








‘The equations (1) (2) and (3) can be integrated numerically once the initial condition are provided and the forces and 
torques are available at any time. 

It is worth to note that being these equations smoothed over a complete rotation of the boomerang around its axis, 
any high frequency fluctuation is not modeled and then discarded, soit is not possible to assess by these equations the 
stability of a candidate boomerang. According to this model indeed any candidate boomerang is considered stable a- 
priori and thus this means that it cannot start “wobbling” and eventually losing its spin and falling down as some badly 
designed boomerangs do. The candidate boomerang stability will then be evaluated by some considerations involving 
its moments of inertia relative values. 

It has been observed in fact that the instability is likely to occur when the ratio between the maximum principal 
‘moment of inertia and the medium one is not high enough, therefore a fairy safe condition isthe following" 


oy 





TV. Boomerang Parameterization 
‘The boomerang geometry chosen for optimization will be the classical two arms “V" and “(2” shape type. Different 
parameters can be optimized once the maximum dimensions of the boomerang are fixed, 
‘The most important parameters that affect the boomerang behavior are linked to the blades profile, to the angle 
between the two arms and to the dihedral of the arms. 


A. Blade profiles 

‘Some typical radial blades profile are shown in Fig.9% 

Changing the profile by playing with the angle of attack and cut on the top of the leading and tailing edge can 
change a lot the lift provided by the arm, 

‘The lft as described before affects the turn capability of the boomerang (increasing in general Q, ). 

‘The are blades are in general designed with a positive angle of attack; these blades, as described above, help the 
boomerang plane to lay down (affecting (2) and help the boomerang to float in air. 

For the parametric boomerang geometry a flat bottom airfoil has been chosen. The blades profile are built by a 
Bezier" parametric curve, with 4 control points. 





Figure 9: Possible profiles for radial blades. 


‘The profile shape is modified by two parameters: 
1. the vertical position of one of the Bezier contol point 
2. the horizontal position of the same control point 


In this way itis possible to change the angle of attach and the thickness of the blades (see Fig.10). 








Figure 10: Effect on blade profile of horizontal (left) and vertical (right) position of second Bezier control point 


In order to reduce the number of parameters, the profiles of the leading and of the trailing arm are controlled by the 
same parameters. In particular the vertical position of the trailing am is set as a fraction of the vertical position of the 
leading arm (the tailing arm lift effect is. preferred to be lower). 

By the way itis interesting to note, as shown in Fig.11, the position of the leading and trailing edge of the two arms. 


B. Dihedral angle 
Boomerangs arms usually have a positive dihedral angle that is about 10°-15°; the dihedral affects both the lift and 
the lay down velocity of the rotation plane, keeping practically unchanged the mass of the boomerang, 


Trailing edge 


TRAILING ARM cs 


Leading edge 


LeapING ARM 
Figure 11:Leading and trailing edges position in a two arms, right-handed boomerang. 


‘The boomerang parametric model is provided with the two parameters « and d that allow to change the dihedral by 
removing a small amount of material at the boomerang arms. tips (Fig.12). The c parameter is basically the stabilizers 
angle of attack. 

















Figure 12: AA sections showing the effect of the and d parameters on the boomerang arm dihedral. From the 
top it is visible first the effect of the d modification and then the effect of the a Note that when d is at its maximum 
value the maximum possible amount of material is removed from the tip, ata given a (like that shown in the sketch om 
top) 
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‘V. Boomerang trajectory computation and optimization 
In order to solve the ODEs (Ordinary Differential Equations) (1) (2) and (3), a proper numerical integration method, 
like a high order Runge-Kutta method, could be used. However, in order to proceed, it is necessary to know the 
aerodynamic forces and torques values with respect tothe xyz reference system at any given time (the gravity force can 
be easily expressed in this reference system as seen before). 
“The general aerodynamic forces depend on: 
‘© sir properties such as density, viscosity, turbulence: 
‘© the shape of the boomerang: 
‘+ the boomerang state of motion, namely depend on the parameter 2, V,b: 
© on the previous history i. on the conditions occurring in the boomerang flight before the 
considered time. 
By a dimensional analysis itis pretty straightforward finding that the aerodynamic forces and torques can be 
expressed as: 
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Where is a characteristic boomerang dimension (for example its maximum radius), p the air density and Re the 
Reynolds number. Since the fluid is considered as incompressible the Mach number does not appear in the previous 
expression. 

From now on the History is discarded by assuming a quasi-steady approach, namely the flow field is considered 
constant at any time before the current one. "This is partially justified since we ate infeested in averaged (smoothed) 
forces over an entire rotation period and not at the actual curent time, so the forces ata given time step can be 
considered averaged in a period, andi is assumed that they are no significantly affected bythe previous history details. 

Expression (5) can be dramatically simplified also considering thatthe boomerang spin fast, so the terms, 22, “2 
‘can be discarded (they can always be assumed equal to 0). At the end once the boomerang shape is fixed we obtain for 
aerodynamic forces and torques: 
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With respect to (5) the factor V has been substituted with «,a that, from a non-dimensional point view, is 
equivalent, and moreover the Re number dependency has been discarded. Althoug this is not completely rigorous, the 
experimental evidence suggests. that, within typical Re numbers range for boomerangs, the dependency on Re is quite 
negligible with respect to other parameters" 

‘A candidate boomerang trajectory is finally obtained through the flowing steps: 


j) fora cenain number of Wand U couples the corresponding values for f, and , are computed by CFD 
simulations: 

ii) response surfaces for (¥, Uand FC, Uae built 

ii) equations(1) (2) and (3) ae integrated starting from given intial conditions and using the response surfaces 
computed previously to express forces and torques at any position and time.” 


‘The trajectory of the boomerang is affected of course by the intial conditions, namely by the way the boomerang is 
launched: in fact different boomerang types are to be thrown in a very different way to obtain a returning trajectory. 
So, in order to compare different boomerangs, for each candidate geometry design itis necessary to perform an internal 
optimization to find the proper launching parameters, Four launching parameters are considered: 
© Vr initial boomerang translational velocity: 
© Spin: initial boomerang. spin: 
© Aim: angle between the initial boomerang translational velocity and the horizontal: 
© Tilt: angle between the initial boomerang rotational axes and the vertical (O° tlt corresponds to a vertical 
boomerang plane of rotation) 
TThe purpose ofthis internal optimization isto find the 4 parameters set that allow a returning trajectory within one 
‘meter from the launcher position 








"The reader may ask why a “direct approach’, ie. a CFD-only strategy. was not considered to find the boomerang trajectory. In fact 
modem CFD numerical codes nowadays would potentially allow to simulate completely a boomerang Might taking into account 
rectly its interaction with the air. This could be done solving numerically the classical Navier Stokes equations coupled with a 
‘general six degree of freedom rigid body solver that computes the postion ofthe rigid body at the following time step once Forces 
and torques exerted by the fluid at the previous time step are given. This approach would overcome the limitations previously seen, 
since the senoothed approach is avoided and the history is automatieally taken into account in the aerodynamic forees and tongues 
‘computation, However this cannot be easly done for many reasons. First the interaction of the boomerang motion with the relative 
turbulent air motion is not easy to be modeled and a not smoothed approach would be not trivial, since probably the standard 
Reynolds Averaged Navier Stokes (RANS) approach is not ideally suited for this task, and a much more expensive Large Eddy 
Simulation (LES) approach would be a better choice (it has to be noted thatthe time interval to be simulated. should be equal to the 
boomerang Might time that is 10 seconds, or even much more, as an order of magnitude. so the ime taken by each single simulation 
‘can become unaffordable in terms of computational effort). Its also to be considered thatthe boomerang should be actually moved 
into the computational domain to fin its tujectory, and although this can be avoided using proper moving reference system (with 
‘motion varying at each time-step), this is not straightforward, and moreover the mesh may need to be dynamically adjusted to allow 
te catch properly the low characteristic. Last but not least the trajectory computation would be not decoupled by the CFD simulation 
0 it would not be feasible computing quickly different trajectories varying the intial conditions. to optimize the launch parameters, 
For these reasons the “direct approach” was considered not feasible and discarded. The previously described smoothed approach 
allows instead to use classical CFD RANS solvers without excessive difficulties as described in the next paragraph, 


VL. Aerodynamic forces computation details by CFD 
First of all let us report the classical Navier Stokes equations (considering constant fluid density) written with 
respect fo a moving reference system: 
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Where dis the angular velocity of the moving reference system: dr isthe velocity of the moving reference system 
‘origin; is the position vector with respect to the moving reference system: ti, = @ + Gx 7 is the velocity of a generic 
point that belongs to the moving reference system; i, = i — ii, the fluid velocity in the reference system, 

‘The CFD software employed is Star-CCM+ from CD-Adapco. 

‘Two different approaches are possible. 

‘The first consists in using a static grid, taking a reference system fixed with respect to the boomerang. ‘This 
approach would have the advantage that a steady state analysis can be run, since the velocity field with respect to this 
reference system is almost steady and so a time accurate solution is not requested. The drawback of this approach is that 
the position ofthe wake is “spread” in the domain and so itis not possible to refine the grid justin the wake region. 

‘The second approach consists in using two reference system one external and inertial, the other fixed with respect to 
the boomerang and having its origin placed in the boomerang center of mass. Also two domains and two grids are used: 
‘one spherical having its origin placed in the boomerang center of mass and associated to the boomerang reference 
system, and the other around that domain with an external parallelepiped shape associated to the external reference 
system. 

Since we are interested in evaluating aerodynamic forces and torques at different U (i.e. at different translational 
boomerang velocity and rotational speed, see (8)) and at different (namely at different angles of incidence of the 
boomerang), the translational boomerang velocity is always set to zero while the external air inlet velocity is set equal 
to the boomerang translational velocity (fixed for a given U and for an assigned boomerang rotation velocity) with the 
correspondent angle of incidence. The internal spherical domain is provided with a rotation velocity around an axis 
normal to the boomerang plane and passing through the boomerang center of mass. The information between the two 
domains is exchanged by an interface boundary that allows to interpolate the field values 

‘This second approach, unlike the previous one, has the advantage that the wake is almost always placed in the same 
location of the computational domains, but the drawback is thatthe flow is unsteady so to obtain forces and torques itis 
necessary to simulate a proper interval of time and time-average the results. Another additional advantage is that by 
‘choosing the described external reference system it is immediate to compute forces and torques with respect to the sy: 
reference, as requested. This second approach was then chosen. 

‘The mesh is built in Star-CCM using a polyhedral mesh within the sphere around the boomerang, with prisms 
layers at the boomerang walls, and an hexahedral mesh in the rest of the domain (see Fig. 14). The two-equations RANS 
SST (Shear Stress Transport) turbulent model, with wall functions, is chosen and a segregated solver with constant 
density is employed. 

AAs preliminary study different simulations have been carried out at different U and to analyze forces and torques 
‘ona first baseline boomerang geometry, and to assess the minimum resolution of the computational grids. To change U 
1 constant value for the boomerang spin equal to 6.67 Hz has been selected (a pretty fair mean value for the spin): the U 
value has been varied between 0 and 2, while W between -5° and 45°, these ranges contain the typical values assumed 
during a correct boomerang flight’: values outside are in fact either not realistic or may cause the boomerang to stall, 
wobbling and fall down, From this preliminary study it has been observed that at high U values forces and torques 
acting on the boomerang assume a good periodic behavior within 2 complete boomerang rotations while at low U 
values about 5-6 rotations are necessary. The simulated time period will be then chosen according to the U value 
considered. 

‘A mesh size of about 2.5 millions of cells, depicted in Fig.14, has been employed being a good tradeoff between 
accuracy and computational efforts. 

Fig.16 shows the pressure on a boomerang. surface during a rotation. It is possible to see how the pressure force on 
each arm changes a lot during the rotation according to the relative position of the blades with respect to the 
translational velocity 








Figure 14: particulars of the mesh section at the boomerang mean plane. 





Figure 15: lift force on the boomerang vs time (the periodic behavior is achieved in few rotations). 














Figure 16: pressure field on the boomerang and on a plane at the boomerang mean section, during a rotation, 


Atthe end of the numeric simulation (involving aU couple) the averaged forces and torques acting during the 
last simulated rotation are computed and then the corresponding f, and Tare available 


‘VIL. Complete process flow automation in modeFRONTIER 

‘The whole process needed to compute and optimize the boomerang, by changing the CAD geometrical parameters 
luntil the needed objectives are satisfied, has been completely automatized through the sofiware modeFRONTIER" 
widely used in industrial engineering design, 

‘Traditional design approach (“rial and error’) usually requires many attempts of the designers, which every time 
need to modify their numerical models by hand and run several solvers, especially when it is difficult to know a priori 
in which direction of the multi-dimensional variables space to move in order to find the best solutions. Conversely, the 
multi-objective design environment modeFRONTIER allows to integrate different computational software (any 
commercial or in-house code) into a common design environment, thus allowing the automatic run of a series of 
‘computations proposed by a selected optimization algorithm, until the specified objectives are satisfied. 

In this modular environment, each component of the optimization process, including input variables, input files, 
scripts or direct interfaces to run any software, output files, output variables and objectives, is defined as a node to be 
‘connected to the other components, 

In this way, the complete logic flow, from parameterization to performance evaluation, is defined by the user, that 
‘can select among several available optimization algorithms, accordingly to the objectives defined, including Genetic 
Algorithms, Evolutionary Algorithms, Game Strategies", Gradient-based Methodologies, Response Surfaces” (to speed. 
up the convergence of optimization, approximating the response of the system by the use of the available Meta 

and Robust Design Optimization (optimization under uncertainties on input parameters). Statistical and 
fariate Analysis tools can be applied to find important information about the influence of the parameters in the 
system, in order to face up problems characterized by a large number of parameters and large computational efforts with 
the highest efficiency. 

modeFRONTIER is able to make automatic the boomerang trajectory computation through the following steps: 





jy modify the boomerang Catia model parameters. for each configuration design proposed by a selected 
optimization algorithm available in modeFRONTIER; 

ii) obtain the updated geometry (st file) from Catia for each proposed configuration and pass itt Star 
CCM execution module; from Catia also boomerang mass, center of mass position, and moments of 
inertia are obtained: 

it) incase condition (4) isnot fulfilled discard the design without performing any CFD simulation: 

iv) launch Star-CCMs to build the computational mesh around the boomerang: 

¥) launch different Star-CCM- simulations using the same mesh prepared as above varying U and 
parameters for an appropriate number of samples (is changed by rotating the spherical mesh around 
the boomerang center of mass accordingly); for each U and ‘couple the corresponding forces and 
torques are obtained and can be averaged over a proper ime interval to obtain finally Rand 

i) use the set of simulations computed in v) as traning sett build response surfaces to obtain F(, U)and 
7(¥,U) over the whole range of variation of the two parameters WU ; dedicated response surfaces 
algorithms -metamodels - are available in modeFRONTIER": 

wii) pass the response surfaces and the boomerang data (mass and moments of inertia) toa MATLAB script 
able to compute the trajectory by integrating (1) (2) and (3) using a 4th order Runge-Kutta method (see 
Fig.20 for some complete trajectories examples) 

vii) run an internal optimization for the given configuration considering as input variables the previously 
described 4 launching parameters and as objective the arrival distance (tobe less than 1 m) 

ix) the main multi-objective algorithm assesses how good the trajectory is with respect to one (or more) 
specified objectives (for this paper we just considered as objective the total energy needed forthe 
Jaunch to be minimized, while the global range is considered as a constraint, in onder 10 avoid 
boomerangs giving a too small range) and propose a new boomerang configuration by changing 
accordingly the Catia model parameters 

1) the steps i)-vili) are repeated automaticaly by the algorithm until one or more optimal configurations 
ate obiined 


‘The modeFRONTIER workflow is shown in Fig.17. Each module of the workflow is linked to the others in order to 
realize the automatic computational chain described above. 

‘In particular, on the top we find the nodes (green subsystem) that define the range of variations of all the parameters, 
then the process flow (black line) starts with the interfaces to select the optimization algorithms and set their 
parameters, to continue with CATIA direct interface that allows to automatically update the geometric model at the 
variation of the parameters, obtaining as results all the mass properties (cyan nodes, including inertia momentum to 
compute the instability limit of eq.4), and transferring the updated (Stl model to the following script node which is used 
to mun Star-CCM+ to create the mesh for each proposed geometry. The mesh (sim file) is then transferred to the 
following application node, which basically launches in batch mode another modeFRONTIER project file, which runs a 
set of CFD computations through Star-CCM+ on the same mesh varying U and parameters, as described at point v) 
above, 
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Figure 17: modeFRONTIER main workflow 


‘The output from the intemal modeFRONTIER project is a Response Surface (RSM) oF Meta-model, based on the 
available taining et, whichis abl to extrapolate and obtain FCP, Ujand FCP, U) over the whole range of variation of 
the two parameters. The algorithm used for the automatic RSM training is Kriging”, and the model is automatically 
exported ns scrip, which canbe transformed bythe following application of he process flow into a.mex ile which 
is the format for Response Surfaces that canbe real automaticaly by MATLAB, 





Figure 18: Response surfaces of boomerang aerodynamic coefficients (x and z direction forces vs angle and U) 


‘The last application node in the process flow of Fig17 is therefore another modeFRONTIER Batch node, called 
“tunch_parameters tuning” in the picture. This node actually runs another modeFRONTIER project (se fig.19) in 
batch mode, for which the input variables are the 4 launch parameters, the boomerang shape is fixed and the objective is 
defined by the minimization of the distance from the arial position and the launching position. For this purpose, a 
simple mono-objective algorithm is used (SIMPLEX). and the project just runs foreach set of launching parameters a 
MATLAB script through the MATLAB direct interface, that basically drives a m script which implements the Runge- 
Kutta integration for the boomerang trajectory computations (Fig.20), obtaining the F(¥,U) and 7(,U) values 
needed to solve the equations directly from the Response surface (mex file) available for each boomerang 
configuration 
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Figure 19: modeFRONTIER internal optimizer (Iaunch_parameters_tuning workflow) 


‘The final outcome of the modeFRONTIER Batch node in the main process flow of Fig.17 are therefore the nodes 
corresponding to the responses of each boomerang design, ie. the trajectory performances to be optimized in the 
external loop. In this case, we extract the following responses: 


© Range: this is the maximum distance reached by the boomerang during its flight; it 
has just been considered as a constraint in the optimization, in order to avoid boomerang 
configurations having a too small range: it can be additionally considered is a criteria to 
select the final configurations among the candidate solutions (for instance, it might be 
favorable to choose an higher range configuration); 

© Accuracy: this is the difference between the position from which the boomerang 
is launched and the position where the boomerang returns (this quantity is optimized by 
the internal loop for each boomerang candidate solution) 

© Energy: this is the energy (translational plus rotational) necessary to launch the 
boomerang, that is a quantity to be minimized (to avoid excessive efforts for the launcher), 
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Figure 20: Some boomerang trajectories found by the smoothed motion equations integration. 


VILL. Optimization Strategy (Hierarchical Games) and Optimization Results 

Several tests were performed to find the proper number of simulations requested to create accurate enough response 
surfaces. It has been found that a matrix of 12 points guarantees an error of approximation less of 5%, and this was the 
size of the training set finally selected 

‘This means that each boomerang trajectory computation needs 12 CED simulations. For this reason a classical 
‘multi-objective optimization algorithm that may require hundreds of designs evaluations is not feasible, therefore a 
different strategy, based on Game Theory", has been selected. 

As indicated in the previous chapter. two different objectives (returning accuracy and launch global energy) are to 
be considered, but actually any candidate solution is first optimized by the internal workflow (Fig.19) in order to tune 
the launching parameters, (this optimization is pretty fast because only a MATLAB script that takes in total few seconds 
is run), then the found optimal solution is evaluated by the external optimization workflow (Fig.17) that handles the 
‘energy objective minimization by changing in the proper way the geometrical parameters to propose a new candidate 
solution in the next iteration step; note that for both the internal and external optimizer the same modeFRONTIER 
algorithm, Simplex, has been used due to its efficiency to solve single-objective problems. 

‘This type of optimization strategy is also called Hierarchical Games or Stackelberg Games", and is actually based 
‘on the definition of one player as the leader (in our case the external optimization workflow) that would optimize his 
part of parameters (here geometrical parameters) accordingly to his objective (here energy minimization), and of 
another player as follower (in this case the internal optimization workflow) that would optimize his objective (returning 
accuracy) playing his parameters (here launching parameters) for any candidate solution proposed by the leader. The 
convergence of the Game is a compromise equilibrium between the two objectives, indeed called Stackelberg 
Equilibrium, 

‘this strategy is panicular efficient in this case because it allows to apply a fast and efficient single-objectve 
optimization algorithm in the main workflow, for which the simulation time are very high since many CFD evaluation 
are needed for each candidate solution, whereas the second objective is optimized for each solution by the internal 
work!low in a very short time, since the script to tune the launching parameters is very fast to execute, definitively 
avoiding to apply a slow-converging multi-objective algorithm in the main and CPU-expensive optimization work!low: 








In addition, to further reduce the overall computational time and better exploit the available computational 
resources, the Grid functionality'” of modeFRONTIER is applied: the latter allows to distribute concurrent executions 
of different candidate designs on different machines available in the local network, reducing dramatically the global 
time to complete the optimization. In this way, if appropriate licenses of the compute applications are also available, 
the optimization becomes a feasible task that can be completed within few days of computations. 





Once the optimization strategy has been set up in modeFRONTIER, the automatic optimization process has been 
carried on. Figure 21 reports the global results of the optimization process, in the space of the objectives and constrains 
considered. In particular, for each design, the abscissa reports the launch energy, the ordinate indicates the range, and 
the color of the bubbles reports the returning accuracy for each design. 
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Figure 21: Optimization results. Lawiching energy is expressed in Joule, range and returning aceurucy is expressed 
in meters. 


At the end of the process, one of the optimal boomerang configuration has been selected, and its geometry and 
performances are reproduced in Fig.22. The energy required to launch the boomerang is 3.5 J, the percentage of 
rotational energy is only 7%% that corresponds to an intial spin of about 4 Hz and an initial translational velocity equal 
to 15 mis; the tilt angle is O°, while the aim is about 20°. This set should make the boomerang launch pretty easy. The 
range is 14.5 m, 

Note that the selection of optimal design has been made considering the criterion based on obtaining an easy lunch, 
but the same methodology described in this paper may be adapted for any other requirement or objective. 








Figure 22: Optimal boomerang configuration and corresponding drawn trajectory 


IX. Conclusions 

‘This paper has described an automatic and efficient methodology for the multi-objective optimization of a 
boomerang shape, as an interesting benchmark and proof of concept to test the multi-objective and multi-disciplinary 
‘capabilites of the optimization environment modeFRONTIER. 

‘The process flow can be easily aulomatized in modeFRONTIER, integrating the different parts in a single 
workllow: the CAD parameterization of the boomerang design, the CED simulations though Star-CCM+ to create a 
taining database, the creation of Response Surfaces to extrapolate the aerodynamic response in function of any 
combination of flight parameters, and the MATLAB script to evaluate the boomerang  tsjectory on the basis of 
aerodynamic and mass properties. 

‘A fast and efficient strategy based on Hierarchical Games in modeFRONTIER has been applied, so that it has been 
possible to find the optimal boomerang configuration (in terms of minimum launching energy and accuracy of the 
return) by a reduced overall number of different configurations. 


Acknowledgements 
‘The authors would like to thank CD-Adapco staff for granting the STAR-CCM+ licenses needed for the CFD 
simulations of the boomerang. 


References 
'Relix Hess, Boomerangs, aerodynamic and motion, 1975 
*Hanson, MJ., The boomerang book, Penguin Books Ltd, England, 1974 





“Hess, F., The aerodynamics of boomerangs, Scientific American, 219, 5 (Nov. 1968) 
“John B. Mauro, An introduction to Boomerangs, Book,1989. 


* hnup:/tesearchsupporttechnologies.com/boomerang_ site/boomerang! atm 





“Praser, J, “Aborigines of New South Wales’, in Pamphlets issued by the NSW Commissioners for the World's 
Columbian Exposition — Chicago 1893, volume two, Sydney Government Printer 


°K. Deb, A. Pratap, S. Agarwal, ‘T. Meyarivan, A fast and elitist multi-objective genetic algorithm: NSGA-II, 
IEEE Trans Evol Computational Journal, Vol.6 (2002) 


*A. Clatich, C. Poloni, Multi-objective optimisation in modeFRONTIER for aeronautic applications, including 
CAD parameterisation, Evolutionary Algorithms, Game Theory, Metamodels and Robust Design, EUROGEN 2007. 
Jyvaskyla (2007) 


“Enrico Rigoni, Alessandro Turco, Metamodels for Fast Multi-objective Optimization: Trading Off Global 
Exploration and Local Exploitation, In Proceedings of SEAL2010, pp.523~532 


Foster; C. Kesselman, S. Tuecke, The Anatomy of the Grid: Enabling Scalable Virtual Organizations, Intl 
J. Supercomputer Applications, 2001 


“hup:l/www-esteco.com 

"LF Wang, J Periaux, Search Space Decomposition of Nash/Stackelberg Games using Genetic Algorithms for 
‘Mulsi-Point Design Optimization in Aerodynamics, from Domain Decomposition Methods in Science and Engineering, 
pp. 139-149, CIMNE 2002 

"G.Farin, Curves and Surfaces for Computer Aided Geometric Design, pp 51-55, Academic Press, Inc, San 
Diego, 1990. 




































































































































































Schrédinger’s Smoke 


Albert Chern 
Caltech 


Felix Knéppel 
TU Berlin 


Abstract 


We describe a new approach for the purely Eulerian simulation of 
incompressible uids. nit, the Nuid state is represented by a 
valued wave function evolving under the Schrédinger equation 
subject to incompressibility constraints. The underlying dynami- 
‘al system is Hamiltonian and governed by the kinetic energy of, 
the fluid together with an energy of Landau-Lifshitz type. The 
latter ensures that dynamics due to thin vortcal structures, all 
important for visual simulation, are faithfully reproduced. This 
enables robust simulation of inteieate phenomena stich as vor 
tical wakes and interacting vortex filaments, even on modestly 
sized grids. Our implementation uses a simple spliting method 
for time integration, employing the FFT for Schrodinger evolu- 
tion as well as constraint projection. Using a standard penalty 
method we also allow arbitrary obstacles. The resulting algorithm 
is simple, unconditionally stable, and efficient. In particular it 
does not require any Lagrangian techniques for advection of to 
‘counteract the loss of vorticity. We demonstrate its use in a va- 
riety of scenarios, compare it with experiments, and evaluate it 
against benchmark tess, full implementation is included in the 
ancillary materials. 





Keywords: discrete differential geometry, fluid simulation, 
Schrddinger operator 


Concepts: +Mathematies of computing > Partial differential 
‘equations; “Computing methodologies — Physical simula. 
tion; +Applied computing ~» Physics; 


1 Introduction 


We introduce incompressible Schridinger flow (ISF), a new method 
to simulate incompressible fuids (Fig. 1, middle). Instead of 
describing the fluid evolution in terms of the velocity oF vor- 
ticity field, ISP evalves a two-component wave function y) = 
(yy!) M — C*, which encodes the fui state ona 3D domain 











1. The elasial Mud density p and Bid vlocty = (9, 4)" 
are extracted from y as 

¥ 
PHWE=(Wiwe and pan 24ighs @=1,23 
where (ip, We) = Re((d,4h)-) = Re(P, 





‘evolution of thes 
equation 
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Figure 1: Comparing experiment (dry ice vapor top) with ISF simu 
lation (middie), followed by a visualization of the underlving wave 
function yp. Vorticity is concentrated within the green region. 


subject to the constraints 


(Ay,i¥),=0 and R=, @ 





Which correspond to div(v) = 0 and p = 1 in the classical vari 
ables (Sec. 4.1). The scalar potential p: M —> Rin Eq, (1) isthe 
Lagrange multiplier forthe divergence constraint (App. A), and 
‘Wwe will refer toi as pressure in analogy to the Euler equation. The 
reduced Planck canstant fof quantum Physics becomes the only 
parameter for our fuid and controls the quantization of vorticity 
For a large range of initial conditions ISF tends to concentrate 
vorticity in flaments of strength 2h (Pig. 1, bottom). 








‘We call Eqs. (1) and (2) the incompressible Schéiinger equations 
and the corresponding flow the incompressible Schrodinger law, 
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|SP is computationally very attractive. Using a spliting method 
for time integration, each step requires only linear Schrédinger 
evolution, followed by normalization and pressure projection, 
ice, solution of a Poisson problem (Alg. 1). All advection hap- 
pens within the Schrddinger evolution, no separate advection 
Step is needed, The resulting algorithm is unconditionally stable, 
straightforward ta implement, and efficient. Obstacles are also 
easily incorporated (Alg. 4). 


ISP is a Hamiltonian flow with respect tothe energy 


Flap 








Has) 


(Thm. 2, See. 4.4) with || denoting the 14 norm. The kinetic 
energy alone (fist summand) would give the Euler equations 
for ideal, i, iviseid and incompressible, fluids. In IS these 
‘uations are modified by the presence of the term H, (Ses. 42 
415). For flows dominated by vortex filaments itean be interpreted 
‘eometically a approximating the 4 mule ofthe length of 
all vortex filaments inthe fluid (See. 4.5) 


‘This modification has significant consequences for incompress- 
ible uid simulation on grids. Standard methods using a direct 
velocity or vorticity representation typically struggle with main- 
taining coherent vortical structures and their dynamics over time 
(Gee. 1.2). These structures are usually concentrated along curves 
and often persist over significant periods of time, while their dy- 
‘namies ae critical forthe visual appearance of flows (Fig. 1, emp. 
top and middle). ISF captures their energy in H,, preserving vor- 
tical structures and their dynamics over a wide range of seales on 
modest resolution grids, 
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Note To simplify the derivations we will use Exterior Caleu- 
Jus [Abraham et al. 2001, Ch. 6) inthe remainder ofthe paper, 
‘working with the velit T-form = =M(dy,iP)q instead of 
‘and correspondingly «d+ = 0 instead of div(v) = 























‘Notation Mes 
Y=QivaEM CO — wave funeion 

v=o time derivative 

ay dliferential of 
(G}o= Bayt Fas Hermitian form on 
(iv) =Re((Psi¥)c) Euclidean product on C 
Wie (aM pointwise squared norm 
(uy) Euclidean product on 
anh vortex filament strength 
D=V ENED velocity form 

a=dy vorticity 2form 
E=nden divergence 

£4 = (0° Wap Lie derivative of 





Len=((v-V)v + EVIME) Lie derivative of 


‘Table 1: Notations used. 


1.1. Physics Foundations 


{In the context of fulds the Schrédinger equation typically only 
appears in the study of fluids at very low temperatures and very 
small seales, o called superfluids. Despite this, superfluid dy- 
‘namics are of great interest for computer graphics applications 
‘because ofthe remarkable similarities between vortex dynamics 








in ordinary and superfluids, both at the experimental and theo- 
retical levels [Schwarz 1985] (see also the more recent [Stagg 
cet al. 2014] and references therein). 


In most situations of practical import the dynamics of ardinary 
fuids are dominated by thin vortex filaments (Saffiman 1992] 
Because oftheir thinness these are inherently difficult co resolve 
at feasible grid resolutions with traditional representations (iid, 
.201). Insuperfluids, using wave functions to describe the state 
ofthe system, such filaments are a topological feature and thus far 
‘more persistent and computationally resolvable even at relatively 
modest resolutions. 


Early on in the history ofthe study of supefluids it was recognized 
that they carry quantized vorticity in atomic scale filaments [On- 
sager 1949; Feynman 1955]. ‘These were later experimentally 
verified [Hall and Vinen 1956] and even photographed [Packard 
and Sanders 1969]. In our approach the strength of the filaments 
is 2h, which we can take as a quantisation parameter of our 
simulations, setting the strength of vortex filaments and with it 
the level of detail present in the flow. 


‘A mathematical model for the observed physi of superfluids 
vas developed by Gross [1961] and Pitaevskii [1961] (and ear- 
lier Ginzburg and Pitaevskii [1958]. This model is now known 
as the Gross-Pitaevskit (GP) equation, or simply the non-linear 
Schrodinger (NLS) equation 


it 
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for gy: M+ C and a parameter a > 0 which for us corresponds 
to the core radius of vortex filaments. 


The non-linear (cubic) term acts as a potential opposing the de- 
viation of the density p = |g from 1. Indeed, in simulations 
tusing the GP equation the density s near 1 in most af the domain, 
save for the zero set of in whose vicinity the density smoothly 
decreases to zero [Stagg et al 2014]. Taking the limit a» 0 one 
expects the non-linear term to converge to the incompressible 
limit and hence the GP equation to recover the Euler equations 
for n. In 2D this has been rigorously established [Lin and Xin 
11999; Jerrard and Spim 2015), 


‘Asa practical matter, choosing a small ain the cubic term leads 
to very stiff numerical problems. Since we are only interested in 
the incompressible setting, we can replace the cubic non-linearity 
‘ith the incompressiblty constraints. For single component wave 
Functions the uniform density constraint g|* = 1 yields singular 
¢? and allows for irotational velocity felds only. Using instead 
8 wo-component wave function y: M —» C? leaves 4) smooth 
Under the constraint |i? = 1. Additionally it allows for smoothly 
varying vorticity [Schonberg 1954; Sorokin 2001] 


The interpretation of the Schrédinger equation in terms of flu- 
ids was first pursued by Madelung [1926; 1927] in an effort to 
elucidate the then new quantum mechanics. He showed that 
the Schrodinger equation for single component wave Funetions is 
equivalent to the quantum Euler equations. What became known 
as the Madelung transform was later applied to C"-valued wave 
fnetions by Schoenberg [1954]. In particular he introduced 
the form of 7 we use, Sorokin [2001] gave the C? version of 
the Madelung transform including explicit expressions for the 
non-linear potentials which distinguish i from the classical Euler 
fluid, 


“wo threads from Physics have influenced our work. On one hand 
the hydrodynamical interpretation of Quantum Physies and on 
the other the GP equation for the modeling of superfuids, Since 
‘we are interested in incompressibilty we replace the numerically 


stiffcubic term in the GP equation with pressure projection. Atthe 
‘same time our fluid inherits the robust representation of vartes. 
‘laments from superfluid, 


1.2 Vorticity in Computer Graphics 


‘The importance of vorticity for visual simulation has long been 
recognized in computer graphies, as has the difficulty to eapture 
its dynamics correctly with numerical methods. 


‘The success of Jos Stam's “Stable Fluids” [1999] method, using 
semi-Lagrangian advection and pressure projection on a regular 
‘grid, quickly led to work addressing its excessive numerical diffu- 
sion (Fedkiw etal. 2001] using vorticity confinement [Steinhoft 
‘and Underhill 1994]. Lost detail has also been compensated by 
Wavelee turbulence [Kim et al. 2008] or curl-noise (Bridson etal 
2007]. Unfortunately, these techniques are difficult to control 
‘and easily lead to objectionable visual arifaets, 


Alternatively one ean represent vorticity through Lagrangian vor- 
tex particles, a technique from the CED community [Rosenhead 
1031; Leonard 1980; Cattet and Koumoutsakos 2000] to avoid 
‘many ofthese issues [Park and Kim 2008]. Since vorticity arises 
at boundary layers as sheets and then quiekly rolls up into fila- 
‘ments, purely Lagrangian methods based on filaments [Angelidis 
‘and Nevret 2008; Weiffmann and Pinkall 2010) and sheets [Stock 
‘et al. 2008; Brochu etal. 2012] have also been developed. 


Using vorticity as primary variable also improves mesh based 
Eulerian simulations [Elcott tal, 2007], motivating (Zhang etal 
2015] 10 modify existing velocity based Eulerian solvers to per= 
fom asi using vorticity as thei primary variable. 


‘Many recent approaches are of a hybrid nature, integrating La- 
‘grangian elements into grid based approaches [Selle etal. 2005; 
‘Kim et al, 2009; Pfaff et al. 2012] or enhancing purely Lagrangian 
‘methods with grids [Koumoutsakos etal. 2008), 


Overall we see that proper resolution af vorticity is essential ta 
the visual appearance of flows and simultaneously difficult to 
achieve, Grid based approaches battle los of vorticity with vari- 
‘ous devices, while purely Lagrangian approaches have their own 
host of problems ranging fram inadequate control of sample den- 
sity (particles), to complex reconnection handling (filaments), 
‘and the need for sophisticated multipole solvers, et. 


ur new method is grid based and purely Eulerian. Still we are 
able to simulate vortex driven dynamics, with grids of modest 
‘ies, ata quality level comparable to purely Lagrangian methods. 


2. The Algorithm 


All our simulations are performed on a 3D lattice with vertex 
(0,...,N,—1) (0, 1) x (0,.-.,\—1). For 
‘2 periodie domain, indices are taken modulo their respective 
dimension. Vertices, v € V, need to store samples of the wave 
function y, € C, the real-valued pressure q, € B, and the real- 
valued divergence E, € B. The diserete velocity 1form is defined 
‘on directed edges vw € © 
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With ty =—"ev (App. D) and stored in staggered grid fashion at 
the vertices (Fig. 2) 








“The discrete divergence, = +d, is the usual signed sum over 
incident edges, weighted by the quotient of dual facet area A, 1 
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Figure 2: In all, 9 reals are stared at vertices: Ey, i and the 
three ciralations (ma) associated with the edges emanat- 
ing inthe positive coordinate directions. The divergence 6, és the 
rormalized sur of he face fluxes $n, on the enclosing cub 


edge length lj, and normalized by dual cell volume V, (Fig. 2) 
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(eden), 








following standard Discrete Exterior Calculus (DEC) conven 
tions [Desbrun et al. 2008; Crane etal. 2013), 


Overall time integration uses operator splitting, performing in- 
tegration of the Laplace term, normalization, and pressure pro- 
jection in order. Later we include obstacles and buoyancy resp. 
gravity forces 

Time integration requires an initial yp, a time step size de > 0, 
and a quantization strength K > 0. Appropriate values will be 
ilustrated with the aid of example simulations (Sec. 3 and Tb, 2). 





‘Algorithm 1 Basie SF 
Input: YO deh 
1 for j—0,1,2,...do 
2: ise & Scrinopincen(yl) de) 
spine yey 
yl" « PressuRsPRosscr(y"") 
endfor 





> Initial state and parameters 


a » Normalization 
4 
5 





Schrédinger integration diagonalizes in the Fourier domain, 
leading us to use the FFT (on periodic domains). For walls 
2M #8 Neumann boundary conditions are achieved with the 
diserete cosine transform (DCT). Here 2, are the eigenvalues of 
the continuous 3D Laplace operator (Eq, (18), App. E) 





‘Algorithm 2 Time inegration of Schrodinger equation 
1: funetion ScHRODINGER(,d®, 

2 ye FFTD(H) 

a petty 

4 return InvEFTSD(f) 

5: end funetion 








Pressure projection Eq. (10) uses the scaled (K-") discrete di- 
vergence as the right hand side of a Poisson problem. We use 
an FFT (or DCT) to invert the Poisson problem (Sec. 4.1) using 
cigenvalues 4, ofthe discrete Laplacian for discretely divergence 
free velocity fields (Eq. (17), App. E. 
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‘igorithm 3 Divergence fee constraint 
1: funetion PaassuREPROIECTCp) 
2: foreach wes do» Scaled velocity 1-form at edges 
Be = aE a 21 multiple of Eg. (4) 
a: endfor 

s 
6 
8 








for each veV do 
= it Dance Bie 
end for 
Ee FFT3D() 

fF igigo 


» Sealed divergence at vertices 
» Bq. (5) 








2 Enfty 


vo: qe-inverrsp@@) 
i detume-np 
12: end fanetion 





This completes the description ofthe basic algorithm. While we 
make extensive use of the FFT (or DCT) our method isnot tied 
to the Fourier domain. For example, the Schrodinger integra- 
tion could use [AlMohy and Higham 2011] while the pressure 
projection step might employ [MeAdams etal. 2010}, 


Fig. resolution size [m?]_de(s] Alms] Video 
1 1 003 Ose 
4 1286464 01 00:05 
so oor 01:17 
6 18 0.02 0142 
7 12864 x64 0.02.0.04 02:18 
8 19264 x64 0.015 03:41 
9 19264 64 0.015 03:56 
10 96x 19296 0.02 04:09 
130 128° 0.02 02:00 
14 64 resp, 128° 0.05 00:39 
15 §12%12.x208 0.030248 





Table 2: Parameters for simulations. 





9g the Algorithm 





Vth the basic algorithm in place, we now discuss its use, be- 
ginning with simple benchmark simulations and building up a 
set of straightforward tools capable of deseribing a large set of 
interesting simulation scenarios. All examples used our native 
implementation in Houdini 15 (Fig. 3). Complete source code is 
included. Comparisons with other methods used Houdini as well 
Performance is controlled by the cost of the FFT A single step of 
AAlg. 1 takes less than 1s at 128" resolution and less than 9s at 
256° on a 3.5GHe 17 iMa. 


Note on intializations ISP is invariant under unitary transfor- 
mations of C*. We exploit this by initializing y, with the desired 
inidal state, using = € (we use e = 0.01) merely to guard 
‘against zeros in yp: during normalization. Alter normalization 
‘imple quantitative statements such as “the norm of y indicates 
the presence of a Vortex core” make sense 








3.1 Vortex Filaments 


In ISF vorticity has the tendency to concentrate in one-dimen- 
sional filaments, as it does in actual fluid dynamics. The ability to 
create and handle filaments gracefully, inherited from its origins 
in the theory of superfluds, is a principal strength of ISE ‘To 





Figure 3: Alf algorithm components were implemented entirely 
within Houdind 15. 


elucidate this, we look at the way individual filaments evolve 
and interact in our algorithm. ‘To do so we need a y\® which 
represents one or more vortex filaments. Since yp for multiple 
filaments are just the componentwise product of single lament 
¥y functions, we begin by describing a simple method for the 
construction of i") fora single filament curve y 


Suppose 7. is the boundary of 
fn embedded topological disk, 
y= 23. We first construct a 
Complex Function y which has 7 
as ts zero set. Consider the vol: 
lume created by a positive and 
negative offset of the oriented 
surface 3 along its normal di 
rection for distance r > O (see inset). In this “slab” of thickness 
2 with Eas ies middle surface, set 








o=n(1+7) 
for d the signed distance function of 2. Letting 6 = 0 outside 
the slab, we set y =e". Pointwise normalizing and pressure 
projecting (ye)! then gives us the desired w'", encoding the 
Biot-Savart velocity field ofthe curve 


A classic example of interesting filament dynamies are the 
leapfrogging. vortex rings [Lim 1997, Video]. ‘Two closely 
spaced circular vortex filaments will alternately leapfrog one 
another. This phenomenon is typically very hard to rept: 
dace in standard fluid solvers but runs without difficulty in our 
method. Fig. 4 shows a comparison between a state of the 
art 5* order HJWENO [Osher and Fedkiw 2003, Ch. 3.4] ve 
locity advection method with 2 order MacCormack time step- 
ping (Selle et a. 2008], as implemented in Houdini, and our 
ISE HJWENO/MacCormack is never able to complete even the 
first leapfrog eyele, quickly yielding only a merged, single vor- 
tex ring while our method goes through the correct cyele and 
is still proceeding without any “damage” after 2000 time steps 
(approx. four cycles). See also Sec. 4.5 for a discussion of the 
energy behavior during this simulation 


This method also works for far more 
complex filaments since there always 
exists a Seifert surface, Le, an em- 
bedded, oriented surface 2, which is 
bounded by the closed curve y (Seifert 
1935]. Software to construct itis read 
ily available (SeifertView). The inset 
shows the Seifert surface for the trefoil knot. Producing 9 as 
above with this © we can simulate the evolution ofthe trefoil knot 











i tt 


Figure 4: Leap/rogsing vortex rings using HJWENO /MacCormack 
(Cop) and ISF (Bottom). Left right: iteration 45, 360, 2000 (emp. 
1 [Lim 1997, Video). 


(Fig. 5) and correct replicate the reconnection event which o«- 
‘curs when the inital filament crosses sell. This produces two 
Separate filaments with the smaller one moving off and matches 
experiments [Kleekner and Irvine 2013, Video} 


mddosh 


Figure §: Evolution of the trefoil knot with ISP showing frames 50, 
4100, 210 (emp. to [Kleckner and Irvine 2013, Video). 


‘Taken to an extreme we ean produce intial configurations of vor- 
tex filaments which optimally approximate arbitrary inital veloe- 
ity elds using the method of Weifimann and co-workers [2014] 
Given a target velocity 1form 7 a single component wave fune- 
tion y is found as the ground state of the magnetic Schrodinger 
‘operator ‘.. 

= argmin|lag ing, 

vet 

whieh amounts to finding the principal eigenvector of a SPD ma- 
trix. Pointwise normalizing, (p/lpl.¢)', yields the desired ys" 
after pressure projection, 


3.2 Velocity Constraints 


Being able to prescribe a constant velocity ina particular region 
{sa basic tool for the construction of intial conditions as well ax 
\whilea simulation is running. Inthe context of our wave function 
\y this amounts to enforcing a plane wave in a particular region, 
Given a wave vector k € B®, a plane wave is given by the function 





y= (g**,0)" is then a solution of ISP corresponding to the 
constant velocity field v = hk 





TTS + Schrédingar's Smoke 


Consider now the scenario of setting up an inital, divergence free, 
velocity field with two regions, say the Bunny and the Teapot, each 
having some constant but different velocity, e., pointing at one 
another. Using the corresponding 4) as initial condition, we 
can simulate the consequent inertial motion dynamics (Fig. 6). 


Formally, we seek a divergence free y, constrained to have rg in 
some region 2. M 
In and 


al dan =O. 





In our example M would have two connected components, Bunny 
resp. Teapot, and n, correspondingly speciy a velocity foreach 
‘component. We construct such an y through constraint projection, 
Which enforces the velocity constraint and subsequently ensures 
Vanishing divergence through pressure projection. 

‘Aigorithm 4 Velocity constrain projection 

1: funetion ConsTRAINTPROJECTION(Y.0,K,F,0) 

2 pe 

pla eM ibal Mal” 

4: return PaissunePRouren(y™) 

5: end funetion 














Starting with an initial guess, eg, ys = (Lye) in M\ and 
(gls*#,e)¥ in 9 and normalizing it, iterating Alg. 4 is guaranteed 
to converge [Cheney and Goldstein 1959]. We find that § ~ 10 
iterations are sufficient in practice, 





Suppose now that we want to simulate a jet. This is an example 
of enforcing a fixed velocity in some region 9, the jet nozzle, 
throughout the simulation (Fi. 7). To accomplish this we use the 
volume penalization method Arquis and Caltagirone 1984]. This 
method was devised for standard fluid simulation methods and 
includes the constraint via a parameter a in the Navier-Stokes 
equation 

ton 


rAn—dp—ExolN—Nn) and eden =O. 








Figure 6: Tivo regions of red and blue ink ar initialized to constant 
‘elocites pointing towards each other. Ruining ISP with this initial 
‘condition produces the corresponding inertial motion dyeamics (left 
to right, top to bottom) at frames 1, 25, 85, and 270. The Bunny 
‘and Teapot centers were 2m apart, edck moving towards the other 
tims 
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Figure 7: Jetof ms" velocity and a nose opening radius of 0.3m. 
Left to right the vorticity quantiation parameter B= 0.04, 0.03, 
O.02ni#s", ilustraing the finer detail with decreasing h due to 
‘more plentiful and narrowly spaced vortex laments. The Bottom 
ow visualizes filaments as level st surfaces WWF? =O. 





Here vis the kinematic viscosity and y» the characteristic function 
‘of, For a — 0 the solution converges toa solution ofthe Navier- 
‘Stokes equation which respects the constraints [Angot etal. 1999; 
Carbou and Fabrie 2003) 


‘To integrate the constraint we use the implicit Euler scheme 
of [Jause-Labertet al. 2012] as it applies to our yp. The method 
thas no time step restriction and we ean take the limit of a —> 0 
directly. Iramounts to a single constraint projection with param- 
eters atthe end ofthe time step, i., yl"), 0°", KU", ei") 
‘The corresponding call to Alg. 4 follows the pressure projection 
ing 1 


Fig. 7 shows the resulting simulation also illustrating the effect 
‘of different values for. With decreasing h the strength of vortex 
filaments is lowered and correspondingly their number increased, 
resulting in finer details in the flow. This ean also be seen in the 
dizect visualization ofthe filaments as level set surfaces, 








Figure 8: Frame 600 of a spherical obstacle of radius 0.4m in @ 
ams” flow. 


‘Maintaining a velocity constraint for some region can also be used 
to incorparate obstacles into our simulation. In that case r 
while © may or may not be a function of time. Fig. 8 shows an 
‘example of stationary obstacle in a background flow while Fig. 9 
shows a moving obstacle, 





3.3. Gravity and Buoyancy 


Both gravity and buoyancy are important forces in simula- 
tions. A simple model for this i the heavy/uoyant vortex fla- 
‘ment [Saffnan 1992, See. 5.8]. Given the way we have initialized 
W, laments are zeros of y, while is indicative of the fila- 
‘ment core. Hence buoyainey and gravity enter atthe level ofthe 
Schrbdinger equation (1) as linearly varying potentials applied 
tothe ys component 


inp =—Eay + pb + ((g.2)h), 











Figure 9: Example of a moving obstacle at frames 1, 100, and 240. 


With the vector ¢ €R® controling magnitude and direction while 
ER is the spatial coordinate 


Since the potential does not depend on time, integration is 
straightforward and amounts to multiplying y2 with the plane 
wave yp"! after normalization bu before pressure projection 
in alg 


PF 


Figure 10: A jet subject to a buoyancy force which “bends” it up- 
‘wards from its ited initial trajectory at frame 150, 950, and 500. 


Fig. 10 shows an example ofa jet with buoyancy causing a gentle 
‘upward bend, 


4 Mathematical Foundations of ISF 


‘To understand ISP we first show that it gives rise to a Clebsch 
variable and then derive the underlying dynamics in terms of this 
variable. Throughout this section we will identify C? with the 
quaternions Hi, which greatly simplifies the derivations. Before 
diving in, we briefly recall some relevant faets regarding Clebsch 
variables and quaternions. To keep the presentation simple we 


‘assume henceforth that M is a compact contractible demain in 
'B with smooth boundary, 


CClebsch variables represent incompressible lows through 
function rather than directly as a velocity or vorticity vector 
field [Clebsch 1859] (see also [Deng et al. 2005] and references 
therein for a contemporary exposition). Fora flow described by a 
vorticity 2form oo, a function c: M—» , for some 2-dimensional 
‘manifold © equipped with an area form dA, i called a Clebsch 
variable if 





w=edA, 


Where c'dAy, denotes the pull back of the area form. In other 
words, for each oriented surface 1 CM with its corresponding 
image e(0) CE we have 





f, o=[ day =areag(eta, 


The preimage of a region in 2 is a vor 
tex tube in M with a vorticity ux eross. = 
seetion constant along the tube, and Me 
¢ serving as a local parameterization 

ff the vortex lines within. In a clasi- 

‘al Euler fluid, the dynamics are then ¢ 
characterized by c being advected by 

the velocity field 





b+ Le=0. C) 








“This is typically dane for maps to 2! =, but works equally well 
for maps to the sphere = & [Kuznetsov and Mikhailov 1980} 


‘Quaternions Throughout this seetion yp € C* will be treated 
asa quaternion via the map yp r> yy inj, where jis one 
ff the quaternionie imaginary units, the others being # and k 
‘At times we also exploit that the imaginary quaternions {mE 
‘are in a natural one-to-one correspondence with 3-vectors in 8°, 
(3,92) + ait yj +k. A quaternion ean be thought of as the 
sum oF a scalar and a veetor a = 4, +a, = Re(a)+Im(a), in terms 
‘of which multiplication becomes 


ab 





(.b.— (i. ,)) +(@,B, + Ba, +a, XB. 





Lastly for Jal? = 1 che product 2B,a represents a general 3D 
rotation of a 3vector b, © Im (Cayley 1845]. for a more 
detailed intzoduction to quaternons see [Hanson 2005} 


‘To simplify the derivations we use the shorthands 
Fm n/b=Rel—Fidy), 3= Fi, o 


and 





Hay 


ars 





dip) —$ (apis + Hid) 
a 
maar 
@ 





in terms of which we may write 


dy =iy(q~}ds) and ds 





Hid +H). (9) 


4.1 incompressible y) 


Let yi: M + C* be a wave funetion and p 
incompressibillty we require constant density 
divergence, «d+, 


Ii? its density. For 
and vanishing 
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The normalization constraint is easily enforced intially For n> 2 
since a C=-valued function generically never vanishes on a region 
in R, Thereafter the constant sd +7) = 0 maintains the point- 
‘wise normalization (App. A). Its equvalent t0 (Ay). = 0 
far A=sdsd since (di, id} ~0. Therefore the dynamics of 
ISF correspond to trajectories on the manifold 


M:= {ye C™(M,C2)||y| =1, (Ay, iy) =0, dyp(N) =o} 


Here N is the unit normal vector field to the boundary of M and 
dy(N) =O is equivalent to the velocity being tangent to 2M. 








To project an arbitrary ys € C°°(M,C*) with |y|? = 1 to Mt 
observe that for'a smooth function q: M —»+ R, ey) has velocity 
‘form 1 —Rdg. Therefore the velocity feld will be divergence 
free if qsatisties the Poisson problem 


Aq=sdei ao) 


Because constant functions form the kernel of A, e~%y is unique 
up 10 a global phase, which leaves 1 unchanged. In the time 
‘dependent setting the divergence free constraint is enforced by 
the potential p in Eq. (1) (App. A) 


42 Coordinates on Phase Space 


For a proper phase space we need to eliminate the global phase 
degree of freedom left in the definition of M (Sec. 4.1). This is 
accomplished by using s © C™ (M, 5°) as given in Eq (7) 


To see that s uniquely describes the state ofthe system, suppose 
Yd €.M with Wi =s= Gig then there isa function qi M —> 
B such that 6 =e". Since yj,  M, q is harmonic with 
zero Neumann boundary conditions, so in particular q is constant 
and yp and 9 are the same element of M (up to a global phase) 
The map a ~> dia from $" vo S* is known as the Hopf map [Hopf 
1931; Lyons 2003] 


We have shown that every yb € Js uniquely determined up 
to. constant phase by the map s = wi. Conversely, using dhe 
contractibilty of M, it ean be shown that for every s © C=°(M,S) 
there isa €M such that s= Wir). 


Thus s alone represents the state ofthe system and to study the dy 
namics of yi suffices to look atthe dynamics of s © C>°(M, 2) 

















43. The Clebsch Variable s 


Since + completely describes y)€.M4 we ean study the dynamies 
of "© M under ISP by looking atthe time evolution of s € 
c= 00,58) 

‘Theorem 1, The function s = 
with 





i @ Clebsch variable of ISP 
w= hsdAe an 
where dg: isthe standard area form on the unit sphere 


Proof. Th see thatthe vorticity 2-form of IS «= dn) = di, can 
be expressed as the area form on S* fist observe that 


Higa tay =Fiay aifiay = uA 








fdsads, 


where the last equality follows from distributing the wedge prod: 
uct over j= fj Ids (8). Because s takes on values in S* we 
have ds Ads=2s(6'dAz2). Explicitly, for X,Y € 7M, 


Fhe (X,Y) = dhe (ds(X), dal) = Hevds > ds) ¥), 
where the cross product of wo R valued [forms and pis given 


by a x BOY) = aX) = BO)—a0h) » BOA. This completes 
ur claim. a 
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4.4 Dynamics of the Clebsch Variable 


‘To derive the dynamies of ISF in terms of s we show that the 
symplectic gradient flow of the Hamiltonian 


Hx() = lly? = Hn + 


(EE Bq, ()) coincides with the time evolution of s when derived 
directly from the ISE (Note that the decomposition into kinetic 
and sealed Dirichlet energies follows directly from Eq, (9).) 


First we define a suitable symplectic form on the space of vari- 
ations of s € C™(M,S°). Let 33 € T,C™(M,S") be two such 


variations then 
H fie x3) 


isoursymplectc form. Next we compute the symplectic gradients 
‘of the twa terms in the Hamiltonian beginning with the kinetic 
‘energy: 

Let dé =n with |: 4¢ =0, the existence of which is assured by 


the Helmholt- Hodge decomposition for manifolds with bound- 
ary [Schwarz 1995], and consider a variation § of s  C™(M,S*) 


lds = H.C) + SHY) 





0G.) 








Janae f -acineraine 


ds x ds) +2(s,d8%ds))A@ 
a 








ff (sd ds) A) ~ (ds,3% ds) A+ (5 ds) Aon 


bf wxateam = 





Here we used Stokes’ theorem, #7 = 0, eyelie permutation in 
the determinant, ds,i(p) € TS!,s 1'T8#, and o(ds \*n)= Cys 


Recalling that the symplectic gradient sgradH, is defined by 
‘a(G,sgradH,) = dH, (2), we have shown that the Hamileonian 
Flow of H, is 





=~ grad, 
Which establishes Eq (6) forthe Clebsch variable s and by implica- 
tion that 7 behaves a¢ an ideal fluid modified by the term arising 
from the second part of the Hamiltonian, the sealed Dirichlet 
energy H, 


Once again let § be a variation of s © C™(M,$°) 


Ls 





San@=% fj Aeds) =" [ae Gaeds) 





4 f (exons 1x As), 





Where we used that the restriction of tds tothe tangent bundle 
fon the boundary is ds(N)dAyyy and ds(N)=O since dy(N) 


Consequently the Haraitonian flow due to "2H, is 








Hex As) 


the isotropic Landau-Lifshits equation (LLE) (Landau and Lifshits 
1035] which describes the evolution of magnetization in ferro- 
‘magnets with s giving the orientation (“spin”) of the magnetic 
field at each point in the domain. Interestingly the LLE by itself ad- 
‘mits (magnetic) vortex rings [Cooper 1999; Sutcliffe 2007] which 








travel through the material and exhibit such complex dynamies 
as leapfrogging [Niemi and Sutcliffe 2014) 





‘Theorem 2. ISPs the Hamiltonian flow of Hug = H+ =H, That 
isthe evolution of s under ISP is 
SL Mex ds) aa 


Proof. We compute & directly in terms of y using only yi € Mt 
and that i sa solution ofthe Scheddinger equation (1) 





+ Fis = 21m (Fi) 

2m (Pi (—L,yo— ivi x As)—piy)) 
(CPi + Pil, p) + BOs x As) 
Abs H(6x As) 








Where we used Eq. (14) (App. 8). o 


AAs a corollary we find the evolution equation for the velocity 
‘form as 





a+ en=dp+E(Asds), eden =0 
fora suitable pressure p (App. C). In particular we see that the 
velocity L-form 1 is advected by the Velocity ld subject to a 
tension force 


45 Landau-Lifshitz Modified Fluid 


In See. 4.4 we showed that the dynamies of ISP arise from the 
Standaed Kinetic energy of, which would correspond to an ideal 
fluid, with an multiple ofthe Dirichlet energy of s added in. 
The later by itself would have resulted in Landat-Lifshitz dyna 
ics, What i the impact of this modification from the paint of view 
of incompressible fiuid simulation? We begin with some basie 
‘observations 


For initial data a we set up almost all the mass of is contained 
inp, over most of the domain. Only near the 220 set of y, 
‘which generically consists of closed curves or curves beginning 
and ending on the boundary, does take up significant mass due 
to the normalization constraint If? = 1. Since s, =I P-—fPal? 
for s = Wp, sis mostly near (1,0,0) and moves towards the 
antipode (“1,0,0) only near zeros of yy, inbetween “sweeping” 
over the entre sphere (Fg. 11). Eq. (11) then implies thatthe 
Vortcity integral over a small surface transversal to 260 set of 
4 is 20h, In particular, laments in ISF carry vorticity quantised 
to2nh 








This characterization of s continues to hold as the simulation 
progresses since the mean of s i an invariant of the flow. This 
follows from yall? and lai? being invariants since yy and vs 
by themselves are solutions tothe Schrodinger equation, whose 
time evolution is unitary. Hence the mean of, i invariant. Due 
to the symmetry of $ so must be the mean of 


‘But what does this imply for the Landau Lifshitz energy? Since 
the Dirichlet integrand is bounded below by the absolute value 
of the area density, Eq. (11) implies 


Hs > Fleol, 


‘with equality achieved for a conformal map s. Here [| isthe 
norm of the corresponding vorticity vector field. In practice we 
observe that the Landau-Lilshite energy is ear this minimum and 
hhence the Dirichlet integrand supported mostly inthe vieinity of 











igure 11: A slice ofa 2D domain with a vortex filament moving to 
the left. The color on the plane visualizes s according to the color 
‘map on the sphere. Large regions ofthe plane are nearly the same 
color, ie, covering a small area on the sphere = little vorticity. As 
the flament translates the gridded region maps to an ever larger, 
‘rea on the sphere. The preimage of the equator (the level set 
Wil —Isl? =0) visualizes the vortex tube (see also Fig. 7). 


the filaments, with an integral over a surface transversal to the 
‘lament yielding approximately 2h independent of the thickness 
of the lament. Consequently the integral ofthe Dirichlet energy 
{for a tubular neighborhood of a filament y yields = 47rL(7). 
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Figure 12: Energy plot forthe leapfrogging vortex flaments (ig. 4). 
‘The Kinetic energy tracks closely between HJWENO /MacCormack 
‘and ISE The additional Landau-Lifskits component in the latter 
stays nearly constant, keeping the vortex filaments “alive” in ISE. 


What then are the dynamics consequences of the Landau-Lifshitz 
‘energy term? In examples af ISP we observe phenomena which 
are difficult to reproduce using grid simulations without exces- 
sively high resolution (Figs. 4, 13, 14). Since such phenomena 
arise from vortex filaments whose thickness is comparable to the 
{id resolution, a velocity or vorticity representation of fluids 
tends to lose the energy contained in the vortex cores, directly 
‘impacting the dynamics of the coherent vortical struetures. For 
ISP the Landaw-Lifshite energy, proportional to the total length 
ff the filaments independent of their thickness, maintains this 
‘otherwise lost energy. Fig, 12 demonstrates this quantitatively 
for the simple example of the leapfrogging vortex filaments af 
Fig. 4, 
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‘Additionally ehe length L(y) of filaments is also the Hamiltonian 
of the local induction appraximation (LIA) for the motion of thin 
vortex filaments [Rios 1906; Hasimoto 1972] (ee [Safiman 1992, 
Ch. 11] fora modern exposition). This hints ata deeper relation 
between the LIA and the LandauLifshite term in ISB Fig. 13, 
shows the simulation of the Teapot/Bunany collision using Eule- 
rian HJWENO/MacCormack (top left) and a Lagrangian filament 
‘method [Weimann and Pinkall 2010} (top center), comparing 
it to our ISP (top right; see also Fig. 6 bottom right). Remark- 
ably, the Lagrangian filament simulation which uses sub-gidseale 
vortex thickness and explicitly includes the LIA forces, yields qual- 
itatively the same results as our Eulerian ISF method. 





Figure 13: Frame 270 from colliding Teapot/Bunny simulation 
using Eulerian HUWENO /MacCormack (top eft), Lagrangian vor- 
tex laments [Wej8mann and Pinkall 2010] (op center), and our 
Eulerian ISF (op righ). The center bottom shows the laments of 
WelSmann and Pirkall which at thickness 0.0171, ae below the 
ard sie ofthe ISF simulation. ISP vortex tubes (i,2-—lyI* =O) 
and thei cares (yp, = O) are shown on the bottom right. 


“A further example of vortex filament dynamies, which are chal- 
lenging to simulate, are the obliquely colliding vortex rings (Lim 
1089, Videos front & top]. Fig. 14 compares our method with sta 
ble fluids and HJWENO/MacCormack at two resolutions. Stable 
fuids, due to its excessive numerical diffusion cannot reproduce 
this experiment at all. LWENO/MacCormack does somewhat 
better and successfully reproduces the reconnection event only 
‘at 256" resolution (not shown). ISP on the other hand produces 
the correct dynamics already at 64° 


5 Additional Results 


‘An important characterization of classical fluids is given by the 
Reynolds number Re = |vlD/q where D is a characteristic size, 
eg, the diameter of an obstacle in a flow, [v| a characteristic 
speed, eg, speed of the background flow, and j the kinematic 
‘scot: For superfuds as well as ou setup there is no kinematic 
‘seosty, Bone ean define an equivalent superfluid Reynolds 
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Figure 14: Comparison of methods for oblique smoke rng collision 
at resolution 64° (top) and 128° (bottom) showing from let to 
Fight the intial configuration, stable fluid with RK ack trace, 
HIWENO/MacCormack, and ISE each at frame 600. The vortex 
Filaments have strength 2ah for B=0.0Sm"«", they ae of radius 
‘4m making an angle of #45" tothe domain with ther centers 
separated By 2am (op to [Lin 1989, Videos front & top. 


‘number Re, = |y|D (2h) [Volovik 2003], where jvi/(2zh) is the 
‘number of flaments per unit of distance. Note that the typical 
range of Re, is quite different from the classical Reynolds number. 
In our experiments 1 < Re, < 10, 


‘The superfluid Reynolds number is helpful when sealing simula 
tions, For example, scaling f and the velocity by the same factor 
leaves Re, invariant 








Figure 15: Von Kérmdn vortex street forming behind a cylindrical 
obstacle with Re, = 3.18 and St ~ 0.14 at frame 1080. The cylinder 
‘measured 0.3m radius ina flow of lms" 


‘A phenomenon that is characterize by the Reynolds number is 
the shedding of vortices with a particular frequency f from an 
obstacle. This can be captured by the Strouhal number [Strouhal 
1878}, 5t= f/), Fora large range of Reynolds numbers (Re © 
{[800, 200000)) one finds St~ 0.2. Such measurements, dhough 
far fewer in sumer, have also been performed for superiuids 
(Simulation and experiment) where the corresponding Strouhal 
‘number falls into the range of 0.12 ~0.18 [Reeves et al. 2015] 
{nour own experiments we have observed 0.14 < St <0.18 for 
2 < Re, <8 (ote Fig. 15 fora wypical example). This agrees well 
With the numbers reported fr superiuids and is close to, though 
Smaller than, the universal 0.2 or classical Quid 





6 Discussion 


ISP isa close relative of the GP equation, replacing the cubie non- 
linear rerm with the limiting case of pressure projection to enforce 
a divergence free velocity field. The corresponding dynamics are 
related to superfluids but can be used for the visual simulation 
(of classical fluids as we have demonstrated. Because ISP adds a 
Landau-Lifshite energy term to what would otherwise have been 
‘an Euler fluid, we find that coherent vortcal structures and their 
‘dynamics are captured, even at madest resolutions, with fidelity 
rivaling purely Lagrangian methods, 





Shortcomings There are a number of practical issues and open 
theoretical questions at this time. 


The simple splitting method we employ for time integration ex- 
hibits loss of kinetic energy. Even though its impact is not as 
problematic due to the Landau-Lifshitz term, design of an in- 
tegrator more tailored to the particulars of ISP would be very 
interesting. 


Design of flows is not yet fully general. For example, we do not 
know how to express arbitrary forces atthe level of limiting 
the use of standard special effeets design tools, 


With discrete circulation given by the difference of phases along. 
tn edge (4), there is an upper Bound on the velocity that ean 
be represented without aliasing, Ideas from [Kndppel et al 
2015) may help here. A related issue arises at the global level, 
‘where the periodicity of the domain leads to quantization of grav: 
ity/buoyancy. 

(Our method has only one parameter, H, which controls the quanti 
zation of vorticity: Notably there is no parameter to control vscos 
though there are diffusion [Frisch etal. 1992] and drag [Sasaki 
et al. 2010] phenomena 


The implicit integrator for constrains is oflow arder, accasionally 
leading to leakage of fluid into the interior of obstacles. A higher 
order integrator forthe constraints would therefore be desirable, 








Open Questions and Opportunities In this paper we have only 
scratched the surface ofthe theory underlying SE 


‘An interesting direction to pursue is the simulation of multi- 
phase fluids, eg. air and water. When applying gravity /buoyaney 
forces we have already treated the two components of yi differ- 
ently. How far can this be taken? How do interface forces enter? 
‘Are there interesting physics to he modeled with wave functions 
iM C" farn> 2? 


‘Arte theory evel we would like to understand the limit of 0 
Does it yield Euler uids? How can we characterize the velocity 
fields which can be represented by ye M resp. s ¢ C™(M, 22)? 


Clearly we are only at the beginning of exploring this new ap- 
proach to fluid simulation and are hopeful that many new math 
ematical, physical, and simulation tools will spring from i. 
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A Pressure Potential 


For incompressibility we require constant density p = ly}l? =1 
and div(v) =0. When p = 1 the constraint div(v) = 0 is equiv- 

‘ipa = 0. This condition maintains the pointwise 
normalization under Eq. (1) since 








HAW ihe Zeliv Wha =O. 
To ensure (A iip)y = 0, observe that for an arbitrary 
(i, C*) with yi? = 1 there exists a smooth phase q: M > R 
So that eis divergence fre (See. 41). Therefore the ttm 
‘py in Eq. (1), which generates general phase shifts, suffices to 
keep ys divergence free. 











Explicitly, che sealar potential p: M —»> R in Eq, (1) ensures a 
divergence free velocity field when it solves 


Ap=]((A2yp)a— (Ay. Anh)s) with J, p=0, (13) 


Tosee this, note that (Ay jy}, must have vanishing time desiva 
tive, yielding 


O=BE (Aviva = (AW tha ~ (Ait Wa 
At Ppa + (EAM ACDYD Pe 
Ha (Ay, AW )n)—Ap—2dy(VP), 
Which proves Eq. (13) since dip Ly due to pf? = 


This p serves as the Lagrange multiplier forthe divergence con- 
straint in the continuous time setting. For dserete time, Le, at 
cach time step, this role is played by q of Eq. (10), which pressure 
projects a given y tothe constraint space (Sec, 4.1) 








B_ Evolution of y 


Here we rewrite the Schrdinger equation ro expose the advection 
‘going on “under the hood” and we will find that y advected by 
the velocity field subject to a modified pressure potential and a 
Landaulifshits term 


abt cap =—iy (ex 80 +8) aay 


where p= § — Hldvpl?—$ (s,s). 
£q, (14 fllows from replacing Ay} in Eq. (1) with 


Ay sed (iy) (wi) —Eeds)) 

=i (dy Avi) — 5 (a Ads) bys 

= iLynp + dy ((H— dds) eds) — puss 

EW +0 (Na Tia + Cas nnd) sas) 
=iRC,yp-+9 (InP + Ls? ~ $s) 

SiR Lp +e (lil + ddsl? + Hs,45)— Hex As) 5) 








6, the Hermitian product af two 
‘#(@Asf), the Lie derivative of a 
(ay Aen) = 8 A ed) for v = 





Which used Eq. (9), «dj 
‘quaternionic Reforms, (0,6) 
Function, £,y = dy(v) 

and ss =“(s,A8) +5 % As 








© Evolution of 1) 


‘To derive the evolution equation for we differentiate Eq. (14), 
multiply the esult on the left with ~4i, and finally take its teal 
par. 


‘We begin with the Ihs of Eq. (14) 


—Re (Pi (dy + E.dy))) 

Re(—Fiiyu + A Pie, (ip) 
Re(Fiu) +a +RePe,yu + Pye uw) 
= Re(F (—iFWG x As) + pip)u) ++ 9 

+ Ly B(As,ds), 











hence Bui = ~F Bi 
#x Ae € ImBl and orthogonal tos, s(s As) € Im and hence 
Reale x As)a) = —E(e% (6 Ash ds) = 30s ds), 


Differentiating the rhs of Eq. (14), multiplying on the left with 
ji, and taking the real part leaves only 








4 Re (Py (ex As) + dp =~! Re(s(— 3s) (sx As) +d 


x dis AS) + dp. 








Ie follows that the velocity 1-form 9 evolves as 


at Gna ndp +4 (as,ds) 


D_ Discrete Circulation 
Here we prove thatthe discrete velocity 1-form is given by 


Mew = Harel 
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and arises, as is standard, from computing the circulation ofthe 
“smooth velocity form along the straight edge ww 





aah f (bit 

Fis Sen eerste dene ee cana on Mere 
loll co Io othe ierplnss bem and 
Ya. We will assume (y),ypa)e #0, $0 there ig a unique short- 
Se paacne pate Nis une Oe iaea ct 
Sie Wel conven yintusa wey Fe 














‘We distinguish ewo eases: (1) i, and y, are linearly dependent 
or (2) independent, and construct y explicitly in each ease, 


Suppose they re dependent, yy a complex salar multiple 
shen in fact Wf, = eon. Letting [0,1] & With 
© and a1) = tgs ¥(0) = ey, wil serve our purposes 








a tivaine=nf da= nu =Rarg(hotbue, (16) 





since (dy, iy)x = (idery,iy) 


Suppose now that y, and ware independent, i, (We 
cos( fe, with moe € (en) and © (0,%/3). Define 
exc cP). Once celta (Yr #)e 












1a =e (cos( BY + sin B)$) 


Let now y(¢) == e°%cox(Be)y + sin(Bt}) and substicae in 
Eq. (16) to find dhe desired result 


E Laplacian Eigenvalues 


To use Fourier methods for SchrBdinger integration as well as 
the Poston solve we need the eigenvalues ofthe 3D Laplacian, 
Leting the index ofa vertex be v= x,y, 2, the spatial resolution 
becomes a tiple of edge lengths 1 ~ (ll), and the overall 
cube measures L= (NbN lA). 





The eigenvalues forthe discrete () resp contlnuous (2) Lap 
‘Gan ona perodiedarain are 


i() a7) 


as) 





The corresponding eigenvalues for the 3D Laplacian with New- 
‘mann boundary conditions, i., ow tangential tothe wal, arise 
fom Eqs. (17) and (18) by replacing L— 2L. In that ease the 
DCT replaces the PFT in Algs, 2 and 3 


In the continuous case Eq. (18) can be checked by direct differen 
tiation of the Fourier basis, while Eq. (17) uses a centered second 
difference and some straightforward trigonometric identities 
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CClebsch maps encode velocity Gelde through functions. Thee functions 
‘contain valuable information shout the velocity fed. Far example, closed 
Integyal curves af the associated vor Held are level lise ofthe vorticity 
CCebach map, Ths makes Clebich mapeusefl for visualization and ld 
<lynamies analysis Addtonally they ean be used inthe contest of simulations 
to enhance flows through the introduction of subgeid vorticity. In this 
paper we study spherical Clebach maps, which are particularly altractve 
hucdating thelr eometre structure, we show that sich maps cas be found 
‘st minnzere fa non-linear Disehlet nergy To strate our appecch we 
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fields, Cade anda video canbe foun in the ACM Digital Libeay. 
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1 INTRODUCTION, 


In his study of the equations of hydrodynamics, Alfred Clebsch 
in 1859 proposed what is now known asthe Clebsch represent: 
tion [Clebsch 1859] It encodes the fluid velocity field w: M—» 
(Mc B) withthe ad ofa Function y= (2,n.9): M 2, writing 











= Agrady ~ grad. 0 


The vorticity vector field w, in tur, is represented by the function 
(2p): AL 





rad AX grad ye e 





due to curl(grad 








‘spp: Copy ropes ewok owned yor Bn ACM 








Fig. 1. Visuallaation of the vorticity eld produced by the Mapping wings 
of a Humminghied. Flow data and photogrammetrically acquted bied 
seometty courtesy Haibo Dong. Flow Simulation Research Group, University 
oF Virginia [Ren eta. 206] See the video at 0200, 





Such “encodings” of velocity resp vorticity fields are useful for flow 
visualization [Kotiuga 1991], analysis Jeong and Hussain 1995], 
simulation [Brandenburg 2010, Cartes etal. 2007; He and Yang 2016 
Yang and Pullin 2010], and enhancement among others. For example, 
Eq, (2) implies that pre-images of points, ~1((p}), eorrespondl to 
closed vortex lines (integral curves ofthe vorticity field), and pre 
images of regions, (0), to vortex tubes (Fg. 1), Similany, given son 
some computational grid one ean add properly aligned turbulence at 
the subgeid level through simple manipulations involving s Fig, 11). 





So what's not to like? There are a numberof problems with Clebsch’ 
briginal proposal. For example, i can only represent fields with 210 
helicity (Thm, 4.1). Moreover, near points of vanishing vorticity, 
smooth functions may not exist even locally [Graham and Henyey 
2000], These problems can be addressed with generalized Clebsch 
‘maps [Cartes tal. 2007; Graham and Henyey 2000; Zakharov and 
Kusnetsoy 1997]. Unfortunately, most ofthese no longer yield 
level set representation for vortex lines. To maintain the latter we 
need to replace the range space of s with a surface more general 
than R? (and similarly for y)- Indeed, using the 2-sphere &? for sand 
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the 3-sphere ! for yields spherical Clebsch maps. These ae the 
‘only known example capable of representing fields with non-zero 
Inlcty and giving a level set representation for vortex lines [Cherm 
tal, 2016; Kotiaga 1991; Kuznetsov and Mikhail 1950). 


What is missing, however, i an algorithm to find a Clebsch map for 
a numerically given vector field, In this paper we give an algorithm 
to produce spherical Clebsch maps y approximating a vector field 
ton some domain M. (While such vector fields often arise from 
{incompressible fluid simulations, there is no requirement that the 
field be divergence free) The desired ys found through minimiz- 
ing a non-linear Dirichlet energy, which encapsulates fidelity and 
smoothness terms with a variable trade-off 


Overview. Before we delve into the details of our algorithm, we set 
the stage with a more abstract definition of Clebsch maps (Sec. 2. 
‘To make this manageable in the face of manifold-valued functions 
swe employ the formalism of exterior calculus. (Readers wishing 
{for accessible explanations of differential geometric concepts are 
directed to [Frankel 2012], while [Abraham etal 2001, Ch. 7] provides 
«comprehensive review of exterior calculus) With that machinery 
available we are equipped to describe spherical Clebsch maps (Sec. 3) 
and formalate a strategy for finding such maps for a given velocity 
field (Sec. 3.1). The remainder of the paper is devoted to validation 
(Gee. 4) of the basic method and suggestions for aplications (Sec. 5). 
Proofs and implementation details are delegated to Apps. A to E 








Table 1. Notation, 
Notation Meaning 

7 ‘point on M 

0 velocity vector field on MI 
yewede velocity 1form 
weculu vorticity vector fekd 

= dy=ws(dexde) vorticity 2form 

Hart quaternions 

) scalar product on 3! 
ak) V valued k-forms on M 
¥h= for pullback of «function f 
rat) = aldg) pallback of a 1-form « 
Hol.) = ald¥C HAG) _pallback ofa 2form 





2. GENERAL CLEBSCH MAPS 


Instead of working with the vector field u we now work with the 
‘corresponding 1-form (eo-vector field). 


Let y= w-drhea velocity 1-form on M, then Bg, (1) reads 


n= dy dp. 
“This can he expressed succinctly asthe pullback of a fixed 1-form 
dy ~ dz by a function Y= 2,49) 


n=We. 
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“The formalism of pullback encapsulates the underlying change of 
variables. Since exterior derivative and pullback commute Eq, (2) 
becomes 





dy = diya) = Yda = ¥" (de A dy, 


where we used dod = 0, Since the wedge prot di dys the area 
2eform daze on B2, we ean also waite o = s*dAy: for s = (.p), 


eiving as 
[oor [edie = arena, ° 


Tic equation els us that the vorticity flux over some surface © CML 
«an be found by computing the (signed) area (with multipliity) of 
the image of @ under = 





Importantly, having rewritten Clebsch’ original proposal using 
pallbacks we nov see the underlying geometry. A Clebsch map 
describes a variable Iform through a fixed Lform and a varying 
function, This leads to 


Definition 2.1. Clebsch Representation Let C and ¥ be manifolds 
with « € O'(C:R)a fixed I-form and ¢ © 0*(3;R) a fixed 2-form, 
and m: C+ ¥ such that 2° = da, We all a map 


WM Ca Clebsch map for € QUAL) if Y*a = 
#5) M+ Ea Clebsch map for a € OME) ifs'e =o 





ACClebsch map J: M_—+ C for 9 automatically implies that s = x oy 
isa Clebsch map fordy =. Conversely, n many situations i is tne 
that given a Clebsch map s; M-—+ 5: For «= dy there will always 
exist a Clebsch map y: M — C forq-such that = x © (Thm. 3). 


Def 2. tells ws that Clebsch maps are distinguished by their choice 
of manifolds (C3), 1- resp. 2-forms (a, and the functions (js) 
conectng them: 


+ Clcbsch’ original proposal [1859] uses: M — RB, y= 
(Gyo) with c= sy ~ de to get a Clebsch map for, and 
OR) 5 RE with @ = dys foro: Such maps can only 
represent elds with vanishing helicity (Thm. 1) 

+ A natural generalization of Clebsch’ original poposal uses 
redimensional 2 and y (Cartes etal 2007: Graham and 
Henyey 2000; Zakharov and Kuznetsov 1997]. Nov y = 
Gp.g) MRP CR fora = 2, Sand a= x-dy de 
using the coordinate functions (x yz) om 2" % 3", 
‘yields a Clebsch map for 9. is turn «has a Cicbsch map 
FEM RY CRMs = (App) with o = de Ady. Since 
din(2) = 2n > 2 there is no accessible representation of 
vortex lines 

+ Chern etal [2016] gave a Clebsch map $M» 83 for 9 
Using the embedding ofS into the space of quaternions 
Ewe can write = hdl ig) where h > 0 is «dimensional 
constant, Clebsch map foro with a = Bags i obtained 
with the Hopf map 2: §! —+ 52, = dig (Hopf 1931; Lyons 
2003), Their Clebsc map s fr alone was also considered 
carler (Kuznetsov and Mikhiloe 1980] though only Cher 
ft al used itn a computational contest 




















The particular form of Clebsch’ original proposal was motivated 
by the fact that the expression must be non-integrable to be able 


to deseribe flows with non-zero vorticity, In fact, «is a contact 
form whose kernel is nowhere Frobenius integrable [Geiges 2006] 
(Gee [Delphenich 2017] for its relation to Clebsch’ proposal. 


For completeness we note that Clebsch maps using three-component, 
(A, can recover the Cauchy Weber transform [Cauchy 1815; Weber 
1863] of the Euler equations for incompressible as well as barotropic, 
ideal (inviscid) Muids [Euler 1757]. These representations have been 
‘extended in the Fulerian-Lagrangian approach (Constantin 2001] 
to include incompressible vised (Navier-Stokes) fluids, Foran his 
torical account tracing these developments back to Cauchy [1815] 
see [Frisch and Villone 2014] 





In Computer Graphies the elassic Clebsch maps (2.1) have made 
lan appearance as representations of divergence free vector fields 
{or purposes of geometric modeling [Angelidis and Singh 2007; von 
Func et al. 2006] In this setting (2,1) are control variables fr the 
deformation field and na inverse problem, finding the variables if 
the field is given, needs solving 


‘Summary. The only known Clebsch maps which maintain the com- 
pact representation of Clebsch orginal proposal, can recover vortex 
lines as pre-images of points and approximate velocity fields of 
arbitrary helicity are those of Chern and co-workers 2016] and 
Kumetsov and Mikhailov [1980]. Hence we will focus on spherical, 
ie. 8" resp. St-valued, velocity and vorticity Clebsch maps in the 


remainder of this paper. 





3. SPHERICAL CLEBSCH MAPS 


[Before diving into the algorithms we need to clarify the relationship, 
between velocity and vorticity Clebsch maps. Inthe classical setting 
this wae quite straightforward. Inthe spherical casei is very similar 
Ibut i needs a litle more work to see this. 


In this paper we follow [Cherm etal 2016) and work with © = $3 
«2 = Rdg) (or the choice af > 0 ace Sec 5), = 82, = Bdge 
land the Hopf map, x = ig. The fact tht 2° = ole fllows from 
{Chern tal. 2016, Thm. 1, Se. 43] applied to the special casey 


Conversely, if we have a vorticity Clebsch map s: M —> S* then 
there exists an almost unique Clebsch map for 9 


Titeonani 3.1, Existence of Lifts Suppose we have a Clebsch map 
SoM —+ © for an exact 2form o. Then there is a Clebsch map 
Ws AL—+ S for some y with a = dq and x 0 y= s (see App. A for a 
simplified proof) 





Note that 9 isnot required to be divergence free, though dy is of 
‘course always divergence free. 


Conousany32, NonUniqueness ira Clebsch map fora vlcty 
form it cannot be unique If f° ~» Sis any area-preserving 
mip then = f exe ira a Clebch mop fru = dp. By Tim. $1 
they is ante Cebch map 9 for wither of = 
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3.1 Finding a Spherical Clebsch Map 


For a given mo an approximating velocity Clebsch map ¥ can be 
found as a minimizer of 


EW) [pi-me “ 


for n= "ar, yielding the vorticity Clebsch map = = x yas well 





Suppose we have found an optimal approximation for the given 
By Cor. 5:2 such ¥ giver ie t infinitely many more minimizersy 
{through aca preserving diffeomorphisms of 4, To fx thie degree of 
freedom we a the Dirichlet energy of as regulrizer to Ea), 
seeking now a minimizer as e+ Ofor 





argmin E“(j) where £*(¥) =f. lal? + ly- ml’. 6) 
Sane I 


This leads to our main algorithm: 





‘Aigorithan T Optimization heme for Ea. @) 


Inputs yo © O° (AGE) and A> 0 
Randomize y!9): At —+ 8 
a 
for k=0,1,2,...do 

lH argon, Ee" (p) with initial guess y 
eh) 10 
end for 











32. The Energy E* 


ln thie section we show that the energy af Eq, (5) can he rewritten 
as the Dischlet energy of unde a rutably chosen connection and 
‘meri. To facilitate this derivation we represent cesses of ax 
anit quaternions, This allows us to use straightforward quaternion 
algebra to avive atthe final expression (Ea (7) of oar energy. 


Given my, define the connection (covariant derivative) U" for S* 
valued functions 





Vey = a Ry. ) 
Fora given r € M, (Visa linear map from TyM to TyigS¥ CH. 
Choose (ij) i} a8 an orthonormal bass for 3, where (ik) 
denote the quaternionic imaginary units, and note that Ty(e)5* 
Span(iy. jk}. Now split into the orthogonal sum of the two 
subspaces 

Cie = Span(yifle and Cie = Span. kv be, 
and decompose (Vp), accordingly 


(Ve = Pay lVPP) + Poyy VOW 











where Poy, and Poyy, denote the corresponding projection operators. 
Its not difficult to work out (App. ) that 


Poy) = Fln— nadie and Poyy(V¥) =~ 





ids, 
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Thus we can recover the integrand of Eq (5) with the aid of an 
anisotropic metric on $*, At each point y(t) €5° define a norm on 
tangent vectors X € Tyya)S! CH as 


INE = [Pep OOP + el 





“gM 


Such a metric on £3, with an anisotropy along the fi) direction, i 
lenown asa Berger metric and with such a metric asthe Berger 
Sphere Using thiemetric, Eg, (5) xscen tobe the connection Dirichlet 
energy of 


ew five o 


‘Summary. We east the problem of Finding spherical Clebsch maps, 
‘which approximate user supplied velocity Relde mp as a mininiza 
tion problems, The objective isthe Dirichlet energy of sing the 
connection induced by no employing a Berger metric. The met- 
Fc anisotropy parameter e controls how much of the regulrizer 
Ue? sada to te ality term ly ~ pl? For each xed, & 
decreasing sequence the energy is then minimized 


33 Discussion 


We have reduced the problem of finding an approximate Clebsch map 
{fara given my to finding a minimizer ofthe connection Dirichlet 
nergy off (Eq. (7). While we ean hope fr good approximations 
there ae theoretical obstacles to finding exact soktions (1) Ieolated 
zerosin the vorticity Rel eannat be ecovered by aspherical lebsch 
‘map (See 42} (2) vortex lines for S* valued Clebsch maps are always 
closed (or begin and end on the domain boundary) while generally 
they aze open (Se. 43) (3) spherical Clebsch maps have quantized 
halicity, while general velocity fields can have arbitrary helicity 
(Sec. 44); and (4) owing tothe non-linearity of the energy i is 
possible to get stuck in local minima. 


In See. 4 we demonstrate that these theoretical imitations do not 
stand inthe way ofthe practical utility ofthe approximate maps we 
compute 


‘There are also practical issues which are independent ofthe contin. 
‘uous setup: (1) finite resolution of the discretized system impacts 
the topology ofthe field: (2 the conneetion Laplacian can be very 
ill-conditioned: and (3) boundary conditions need custom tailoring 
when Mf “cuts” the field. 





{In our proof of concept implementation we minimized Ea (7) through 
its L? gradient flow, y = ~ grad E(). This isa rather simple first 
‘order method whose main virtue is its straightforward implemen. 
tation, To disretize this PDE in time we used the backward Euler 
‘method to allow for large, stable time steps. This requires the solu 
tion of C-valued Poisson problems for which we used a standard 
‘conjugate gradient solver, For production use the latter would need 
aan effective preconditioning strategy to address the ever increasing 
ill-conditioning under refinement, common to discretizations of 
second order elliptic operators, Implementation details can be found 
{in App, C. Our implementation in Houdini 15 is included with the 
ancillary materials in the ACM Digital Library. 
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“Table 2. Performance satstis, Time is given in unite of minutes on a 
‘MacBook Pro, while “steps” gves the numberof ine discrete steps taken 
bythe minimizer 








Fig. Resolution (steps) time MM la-tl= 
1 ot 120985 18x10? 105 
2 ae 100108 1.8x10- 0.0012 
4 so 130 G10 19x10 028 
5 ot 150 2000 54x10? 045 
7 6x48 30 212 16x10! 03 
5 six? 100 GH 30x10 0G 
0 ot 100 800 84x10? Lat 
12 obxset my tes 13x10? 047 

4 VALIDATION 


Before discussing benchmark problems we briefly describe our 
approach to visualization, 


‘To visualize Clebsch maps we use pre-images of sels on S* under s 
For individual points p © &,«"((p)) <M gives vortex ines, while 
pre-images of regions £2 ¢ 5? yield vortex tubes 


‘To construct ((p)) we represents as a complex function £1 M—> 
through stereographic projection from the antipode ~p. The set 
(Fe M|s(r) =p) is then given by the zeros of and extracted as 
in [Weifmann et al 2014, Se. 3]. 


‘To visualize a vortex tube sO) CM we take some level set 
function on $2, x: S? > R.with x =0 on 40. Extracting the zero 
iso-contour af ys then yields the vortex tube surface in M, For the 
images of vortex tubes shown in this paper we used 5 = (s,52.53)* 
directly, drawing 1 = 0.8 in gold and s1 = ~0.8 in blue. The opacity 
of the vortex tube was set propartional to vorticity magnitude, 
raking it inversely proportional tothe cross-sectional area ofthe 
vortex tube. Treating p = (+1.0,0)¥ as the north resp. south pole 
of &, the longitude angle arg(ya) ~ arg(2) for y= (W.Ya)" was 
used as a texture coordinate on the vortex tube surfaces fora brush 
texture, making the brush “ines” tangent to vortex lines 








41 2D Example 


Fig. 2 shows a velocity field and its S%valued vorticity Clebsch map. 
The disk rotating igi has constant. non-zero vot. This forces 
the Clebsch mp to wrap the entra disk multiply around a sll 
(@= 0.15) 2sphere in an area preserving manne. Simultancousy, 
the map is az conformal as possible, since the Dirichlet energy 
of + isthe same as the conformal energy, up to a constant area 
term [Hutchinson 1991] Outside the central disk, due to vanishing 
‘ori, the map is (nearly) constant, fe, it “overs” no area This 
shows that our minimizers are not necessarily smooth. However, 
they appear (empirically) to be Lipschitz and smooth away rom 
finitely many points. Fig. 3 shows the convergence pt for ig. 2 
‘which typical of al the examples shown in this paper. 











Fig. 2 Avelocty field ona quate (let) and its S*-valued vorticity Clebsch 
‘map (right visualized via an earth texture) The velocity fed has won 210, 
‘constant voetiety in the gray disk and 2eo vorticity outside 
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Fig. 3. Convergence ofthe Clebsch map in Fig, 2 as a function af gradient 
descent iterations with At = 2 and e"! = 1 (020), ¢) = 0.1 (20-40), 
= 0,01 40-40), e€ = 0.001 (6080), and 8 = 0 680), 








42. Presence of Isolated Zeros 


(Graham and Henyey 2000] proved that a wort i w with an 
isolated zero at some r € M does not admit an R valued Clebsch, 
‘representation in the vicinity ofr. Their argument also applies to S? 
valued Clebsch maps. In our case the presence of the regularizer 
‘ensures that an approximate solution is found nevertheless. Pig. 4 
shows a Clebsch map fora linear vorticity field on 2°, and we see 
‘that our algorithm deals gracefully with the isolated zero at the 
origin. 

[Even though no exact Clebsch map (atleast not a smooth one) can 
exis for this field a the origin, we still get meaningful appraximations 
of the fcld, as visualized with the vorticity integral curves. 


43 Non-Closed Vortex Lines 


Ina generic flow most vortex lines are not closed. But Clebsch maps 
with target space B? or 8? possess only closed (or beginning and 


Inside Fluids: Clebsch Maps fr Visualization and Pracessing + 1425 


Oi ae 





Fig. 4. On the left vortex ines traced inthe vortity vector eld w 
(Gy, 22)" on x eu with side length thee On the night the pre-nage of 
ten points on 5? fo our Clesch map approximating w (= 0.05) 


ening onthe boundary) vortex kines. Hence flaws with vortex ines 
that nether close nor hit the boundary da not possess such a Clebsch 
snap [Hadamard 1903, $68} 


By the Poincaré recurrence theorem [1890], almost every such 
vortex line will return arbitrarily closely to ts initial point, making it 
“almost closed” Our Clebsch maps approximate these slmost closed 
vortex lines by closed ones, Note that this “closure” depends on the 
resolution of the data, Fig. 5 gives an example of such situation 
‘where most vortex lines ofthe original field do not close up, while 
the vortes lines ofthe field corresponding ta the Clebseh maps are 
all closed, 


‘Bven though no exact Clebsch map exists for such feds, we still get 
1 meaningful approximation with our method. 





Fig 5. Clebsch map fora vartcty eld w = 1.5m, + w, confined to 8 
ball with ws = (4s, yz 1~ 2s + y!)—24)7 and wa = (4. $0)". Both 
‘wi, w have lose vores lins, but the ratio oftheir spective periods is 
Tatton, ensuring that mast vortes ines of w are non-losed. The ed 
[enerated bythe Clebeeh rnp, vsualiaed as preimage f areas on S* (ef, 
Bue tubes), approximates the eld w (eR. green tells) sa way that each 
vortex line is closed (right, two such vortex lines Le, pre-smages of two 
points on $2) 








44. Helicty (Linked Vortex Lines) 
Consider vorticity vector field w on ?, vanishing outside a elosed 


ball M. Then there is a (non-unique) vector field w on M such that 
curlu = Ww. The quantity 


Howe) = f wwe f nro 
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is independent of u (resp. 9) and called the helicity of w (resp. 
1s) [Amold and Khesin 1998, Ch 3. 


Fig. 6. Example of two linked curves (linking number ~). 


To understand the geometric meaning of helicity consider two closed 
vorter lines, one through r € Af and the other through # € M. Let 
Ik(r2) denote their inking number [Gauf 1833, p. 605], an integer 
indicating how often one vortex line winds around the other (Fig. 6). 
For arbitrary £, © M, whether the vortex lines through r and close 
‘up or not, one can still define Ik(,#) even though its no longer an 
integer [Arnold and Khesin 1998, Chapter Il §1]. As before, Ik.) 
‘measures the amount by which the two curves “spiral around each 
other” 











Recovered helicity 


6 0 
02 40 a BO 
Given helicity 





Fig. 7. Clesch maps for vortcty lds, supported in the lterir ofa torus, 
wth increasing helicity and a fked f= 0.2. The graph shows the hliy 
‘recovered by the Clbsch map andthe L?erorin velocity Each ross section 
‘ofthe tons passed by 5 vortex tubes foreach ofthe twa cols, In this case 
the inking number between any two tubes must be a multiple of [Bush 
ta 2017], giving rise to the gaps Stza)? = 7.9m each jump dscontinuty 
In the plot af helicity. Note that vortex nes connecting to the boundary 
allow continuous helity such events occur a lage given helt, See the 
Video at 0028. 
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The relevant fact for us is that helicity can e expressed in terms of 
these (generalized) linking numbers 


Lo Sone* 


‘So we see that helicity measures the average linking of vortex lines 
ia field. This reveals the main reason that classical Clebech maps 
are of limited use 


‘How 





‘Tutonen 41. Vanishing Helicity Ifw can be represented by an 
‘Be-valued Clebsch map then Hw) = 0 (se App. D far proof) 


On the other hand, for S%-valued Clebsch maps helicity can be 
non-zero, but is quantized 


Tutonsa 42. &?-valued Clebsch Maps Ifw can be represented by 
4 Clebich map that takes values in $2 and = Bed, then there & 
an integer n such that Hw) = I? fork = 2h (ee App D fora 
proof 


Even though for valued Clebsch maps the helicity is quantized to 
integer multiples of (usually small) number, i doesnot present 
a practical obstacle tothe approximation of Fields with arbitrary 
helicity (ig. 7). 


‘Summary. In this section we demonstrated that spherical Clebsch 
‘ups perform well in practice even in the presence of otherwise 
challenging input fields. Specifically they yield good approximations 
inthe presence of isolated zeros (Sec. 4.2), gracefully approximate 
non-closed vortex lines (See-4.3) and work well with fields carrying 
‘non-zero helicity (Se. 4). 


5 APPLICATIONS 


After considering specific benchmark configurations we nov turn 
to brief application vignettes to suggest possible uses for Clebsch 
maps 


5.1 Vorticity Visualization 


Vorticity fields ae of great interest inthe study of low Mach number 
flows because the evolution of vorticity reveals much about the 
underlying flow dynamics [Saffiman 1992]. One way to visualize 
vorticity is Unrough vortex lines. A challenge in using vortex lines is 
the dificulty of selecting seed points so thatthe vortex lines have a 
spatial density proportional to vorticity magnitude. For S#-valued 
vorticity Clebsch maps this is achieved by picking points on 5 
equidistrsbuted with respect to area, 


More specialized methods try to identify regions associated with 
vortices (for a comprehensive review see [Jiang et al. 2005)). One 
sch method visualizes level sets ofthe vorticity norm |w| to capture 
regions of igh vorticity (Fig. 8, upper Ie). Since directional infor- 
tation is ignored the resulting surfaces are misaligned in general, 
no longer being tangent tothe vorticity field. A more sophisticated 
approach, the so-called 2y-method [Jeong and Hussain 1995) anal 

yses the velocity gradient tensor, but can still yield results which 
ddo not correctly represent the underlying vortex lines (Fig. 8 of 





ig, 9) In contrast, with avortity Clebsch map one ean draw the 
re-image of one or several closed curves on 5, yielding proper 
vortes tubes Figs. 8 and 1). 





Fig. Vorticlty visualized through a fw] iso-surface(top-ef),the As- 
method (top-right), and a Clebsch map (bottom) forthe Delta Wing data 
set [Ekaternatis and Schiff 1990] 40” angle of attack, Mach 03, Reynolds 
‘sumer 1). Gray lines in the background are integral curves of the selocty 
{field ta give an overall sense ofthe flow. See the video a 01.39. 





Fig.9. Comparison of vortex tubes from the vorticity Clesch map with 
traced integral curves of the orginal vorticity fled ceded atthe wing 
‘edges, venlying the Clebsch map result (ef Fg 8: bottom) 


‘The Parameter. Since the parameter f shows up asthe factor in 
G1 = fe'dAc., the vortex tubes drawn by the preimage «“40) 
fof a region £1 c 52 have strength 4 Area(Q), For a geven Row 
and a region 8, the parameter f controls the spatial requency of 
‘isulized vortex tubes, increasing them asi lowered. To avoid 
aliasing artifacts must be chosen relative to the sampling rate 
‘Ar (inverse grid resalution) and velocity magnitude [ul to satisy 
‘rh > 2Arlula (has physical dimension m? s“), 


‘Time Coherence. We visualize pre-images of fixedsetsin S*. However, 
the vorticity Clebsch map s arising from the minimizers¥ of Eq (7) 
are only unique up to a global rotation of ©", Henee, the locations 
of the selected vortex geometries depend on the initial guess!) 


Inside Fluids: Clebsch Maps for Visualization and Pracessing + 


Mar 


fn Alg, 1. For a discrete time sequence of flow data sets one can 
ensure time coherence by initializing Alg. 1 with the time advected. 
‘minimizer from the previous time step. For an example see the Video 
ofthe Hummingbird flapping 


52. Initial Data for Incompressible Schrodinger Flow 


With the fluid state represented in a Clebsch map y one might 
ask what time evolution should obey for aid simulation? 
sraightforward approach isto have ¥ passively advected 22-9 + 
<ii(a) = Oby its associated pressure projected velocity w This yields 
dynamics in which all vortex lines are advected by w and therefore 
‘satisfies the Euler equation. Unfortunately this type of Eerian- 
Lagrangian approach leads to chaotic mixing with italy small 
land ds smplifed unboundedly. The necessary resampling 
of involves averaging based on the grid resolution and hence 
‘erases velocity information encoded in the derivative of (an even 
more severe version ofthe numerical diffusion seen in backward 
adveeton schemes [Fed etal 200; Stam 1999) 





‘Surprisingly there isa variant forthe evolution of y called incom- 
‘pressble Schriidinger flow (ISF) [Chem et al. 2016] which avaids 
Lagrangian chaos by inchuding a small amount of the Dirichlet en- 
‘ergy ofthe Clebsch map sin the energy. The resulting time evolution 
is Hamiltonian, implying that ||| and dl] are both uniformly 
‘bounded in time under ISP, 


‘One drawhack of the approach in [Chern etal 2016] was that the 
initial yo data had to be carefully handerafted for every simul 

tion. While the authors mention the possibility of using filament 
sets [Weifimann etal. 2014] the approximation quality of such an 
approach is unclear. Our method directly searches for an optimally 





Fig. 18, Flu simulation by IF with initial yo derived frm a general uy, 
Here uy isthe divergeace-ttee projection af arigh-hody rotation interior 
to the bunay (and 20 velocity else). The corresponding nta vorticity is 
unr in the busy ving a rigid rotation, and has aconceneated vortex 
sheet on the surface giving rise toa Kelvin-Helmholtz instal 

video O16 
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loge representation ofan arbitrary input Field which can then serve 
4s initial condition For ISF (Fig 10). 


5.3. Flow Processing 


-AvortictyClebsch map encodes voter ines as evel sets of This 
takes it easy io “rearrange” the vortex lines through manipula 
dng an ths), enabling whole new clas of flow processing 
appa 


‘An example of thin poat:comporition m= Sf with a map 
8° > 8 Here we only conser nape © with a corespandiog 

F: 8! ealiaiying wo 5 = Fo n. Under this nnnption the 

saodfeation off eonrerponds ton modiiealion = Fo af 











‘An interesting example of €: S? —+ $*“wrape”§? multiple times 
over tet (App. E gives an explicit example ofa multiple, branched 
covering). The number of times F wraps around 8* is called the 








Fig. 1. Tope simulation using RK backward advection and MacCormack 
tite marching. Middl: the same scheme with an addtional aw procesting 
sep (See 5.3) at an eal time to represent fine vorial structures aligned 
‘with coarse ones, Botton: the result of adding ictropie turbulence at an 
tale step, All imulations on 256 x 128 128 grid whl the Clebach map 
Finder wed a resolution of tx 32 52 (due to performance reasons) which 
‘was interpolated tothe high resolution grid. Se the video at 0054 
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mapping degree : 
ng = AtealelS)) 
= Areal) 
where Areal.) computes the signed area with multiplicity. The 
mapping degree m shows up as a renormalization when reading 
off the processed velocity jj '= +A-(iV i), ensuring the overall 
vorticity ux remains unchanged, 





‘Algorithas 2 Flaw Processing 
Inputs yf 
= Find Clebsch map (yy) 
Freee 
ie Bani) 
return Pressure roject(j) 











In Fig. 11 we modify a velocity field at a single frame of a jet 
simulation by Alg. 2 with a degree four map £ = Eoobios 2 Eictra 
(pp. E). This particular modification cascades each vortex into four 
finer ones, and then concentrates the vorticity inthe fine scale as 
shown in Fig. 12. Effectively this adds small eddies aligned with 
the large scale vartex direction in a vorticity conserving fashion 
(Fig. 11, middle) as predicted by the Kelvin-Helmboltz instability that 
is otherwise not captured at the current resolution af the simulation, 
(top) or by adding isotropic turbulence [Bridson et al. 2007] (bottom). 


oa oan fl 


Fig. 12. A.Clebich map + (lef) obtained from the velalty data ofa jet 
sirlation s modified (right) by $= 2 with a sphere map £=S2 > 
that effectively concentrates vortkity. It is used fr Fig. 1 middle 





6 OUTLOOK 


The appearance of spherical lebsch maps in the recently intraduced 
method for incompressible fuid simulation using wave functions 
¥ [Cher et al 2016] motivated us to study Clebsch maps more 
closely and seck for a method to find such maps for a given flow 
field, 


While there are theoretical limitations ta such spherical Clebsch 
maps these do not stand inthe way of producing useful approxima 
tions (See 4). Because these Clebsch maps encode the velocity resp. 
vorticity feld they contain all formation about the field in a novel 
form. This can be useful for visualization and flow processing, not 
just simulation Sec. 5), 


There are x number of theoretical questions which deserve further 
study, Can we develop methods which are guaranteed to find a 
lobal minimum of Eq, (7)? While we ean’t expect to find exact, 
Clebsch maps for generic flow fields (Sec. 4.3) it would he highly. 


desirable to derive approximation hounds, How well can we do? The 
role off also deserves further scrutiny. How does the approximation 
quality depend on this parameter? For applications which require 
‘only a vorticity Clebsch map, is there a simpler algorithm? 





‘At presenta signficant obstacle to practical deployment isthe com- 
pPlational cost of minimizing Eq, (7). So far we have used only a 
ssemi-implicit gradient descent approach, The higgest challenge is 
the efficient solution of (screened) Poisson problems involving the 
‘connection Laplacian, In aur experience these systems can be very 
ill conditioned (and more so as the grid is refined). An effective 
preconditioning strategy, which we wish to develop in future work, 
appears essential to make the method practical 


We are most excited about developing the idea of flow processing 
further. Manipulating the law field through manipulation ofits 
CClebsch representation as we suggested in Al 2 and App E, ensures 
‘important properties such as conservation of the amount of vorticity 
‘nna given simulation cell. lt also ensures alignment ofthe finer level, 
structures with the coarser vorticity [Pfaf etal, 2010], something 
‘often lst in purely local manipulations 
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14210 + Albert Chern, Felix Knéppel, Ulrich Pinkall, and Peter Schr 


A VELOCITY FROM VORTICITY CLEBSCH MAPS 


Here we prove a simplified version of Thm. 31, £e, we show that a 
spherical Clebsch map s for w can be ifted to a Clebsch map y for a 
velocity field 9 with dy = o, under the additional assumption that 
Mis star-shaped with respect tothe origin, Note that the theorem, 
remains valid for multiply connected domains, but the proof becames 
‘more elaborate [Chern 2017] 


Choose any yy € S4 with Bniyy = sO). Define 5: [0.1] +S? by 
(0) = str) for # © M, Similarly, for r © A define yy [0.1] -» © 
45 the solution ofthe initial value problem 





besiege: and 
Then 
EGeivo= dsr and 





and therefore Fife = 5; Now we can define : M+ S? by gf) 
(1), We have already achieved i = x Defining f= Md. 1) we 
g6t dj = dy, Since M i simply connected we therefore can find a 
Function 2: M +R (unigue up to an adtive constant) such that 
dO =~ 9. Then y = e'% 9 is the Clebsch map for 9 that we were 
looking fr 








B ORTHOGONAL SPLITTING OF Vey 


Since can be represented through unit quaterions we will val 
‘ourselves of quaternionic algebra in this section to derive the or- 
thogonal spliting of Uy. 


Using the definition V1 
wwe see that 





=i and Ea (8) of [Cherm et 206] 
“Fivmy = Hy mo) $e 
sadn 
Uy = Len nis Hos, © 
where we used Jif = |? = 1. Since the first summand is a real 


multiple off it takes values in Cy = Span{y) i). That the second 
ssummand takes values in (Cy) = C)y follows from 


(ids) = Rel iis) = Re( sds) = ~ fae? = 
(ih ies) = Relds) = 0. 
Here we used (a, 


‘To summarize, Eq. (0) is the orthogonal spitting of VY onto the 
subspaces Cy and Cif. 














© IMPLEMENTATION DETAILS FOR © 


In this section we give all the necessary details for the numerical 
{implementation of Als. 1. Above we used nit quaternions y to 
realize For the derivations in this section t turns out to be 
convenient to realize qunternions¥ €Hl as elements (Ya) € C2 
through the relation = yy + af. For numerical Mbravies which 
support a complex data type the final expressions translate dicey 
f only real data types are supported, pire of complex numbers 
Ibecomie elements of 2! and a complex entry x + iy = 2 € Cin the 
matrix eralized as areal 2%¢2 matric (j «) 
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Discretzation, For the energy, Eq, (7) we use a standard discrete 
exterior calculus (DEC) [Crane et al. 2013; Desbrun etal. 2008) 
discretization. It requires & graph @ = (VE) where’V ie the st of 
vertices and & the st of directed edge, All examples inthis paper 
take G asthe Iskeleton of «2D of 3D late. Each vertex | @'V 
has a vertex weight w; > O and each edge} © & an edge weight 
‘i> 0. Functions (O-forens) are diacretized ax values per vertex, 
eg.th = Wm) while 1-forms & are discretized as values per directed 
cage 2 = fe 


‘The vertex weights and edge weights are designed to give the 


approsination 
fe Domne fee = yy water 

Ca eguar a tahoe Wa ard y= A where tthe woke 

ofthe dl ell surrounding, Ay the aren the fac alt and 

6; the length of the edger 

















CCovariant Derivative. Given a C*-yalued function y = (i. $a) om 
vertices and a R-valued 1-form mo on edges, the C#-valued 1-form 


‘Vy is given [Weillmann et al. 2014, Eq, 10] by the difference 





ara) 


Projection Operators. Using (9 sa)7 as our representation the pro- 


jectors Pay, resp. Pojy, can be expressed in terms of Pauli matrices 
o 
a pl 





Even though the projectors appear tobe Funetions of, they are in 
Wi 


fact only Functions of + Gt ma +k where 
ath Wee. 2ReUPiya). 3 


‘The coefficients are given by the Pauli spin vecto 
BS with 

rn 

A 





2RelF va) 








ta 


isa 


Blo 

















representation af Pog, we note that the underlying 
subspace is spanned by complex multiples of (9.2) and hence 


wy is, gay — [Wr wave] 
ee ee 
= HU ta +2209 +230), 


eave 
‘where Js the C™? identity matrix. Due to their orthogonality, Pojg, 
is just the residual 














Poy, = E(t 





Pye 
In the implementation tix convenient to combine both projectors 


PE = Boy + VEPiy 
and rewrite the integrand of Eas 
[emit = bPe(vmynr 
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Since VM is a I-form on edges, we need PS for 5j = 
edge midpoint value of. 





‘The Discrete Energy: With these definitions we arrive atthe discrete 
energy in terms of the vector @ = (Vahew 


E(o) = You Ps ((™¥))f = ore. 





Where the quadratic form Lisa (V]x|'V] sparse matrix of 2 x2 
complex blocks, Bach edge j € & gives rises to four blacks which 
are accumulated into the global L, summing overall edges 





= (eg? bya ee 
aye wi 





‘Minimization. To minimize the discrete encrgy for a given ¢, we 

"use a semi-implieit gradient descent step followed by pointwise 

normalization of y. Each gradient step is the solution g'***) to 
(ity + tel = Mag 


with May the vertex mass matric and step size At > 0. We typically 
take 20 steps with 0.1 < At < I before decreasing « (Alg. 1). 


D HELICITY 


“The helicity of a divergence-free vector field was first introduced 
{in [Woller 1958] and received its name in (Moffatt 1969] The result, 
that helicity vanishes for fields coming from a classical Clebsch 
‘map is due to [Bretherton 1970]. Here is a proof inthe language of 
dlfferential forms, 


‘As in section Sec. 44 we consider an exact 2-form «1 = dy on RS 


‘which vanishes outside of a large closed ball Af. In terms of 9 ands 
‘the helicity is given by (ef Eq. (8) 


fjrse 


‘Suppose « comes from a classical Clebsch map, Le, 9 = Adu ~ df 
c= di Ady then 


Hiad= fl -aprdindy= [again dy 
proving Thm. 4.1 


“The result that helicity i quantized for Relds coming from S*-valued 
CClebsch maps is due to [Kuznetsov and Mikhailov 1980]. They 
assume fields that tend to zero at infil nstead we want aversion 
that also works ina bounded region. Additionally they assume that 
the Clebsch map itself has a limita infinity. We now turn to the 
proof of Them. 4.2 which does nat need such assumptions 


Since the pullback o ofthe area form of S* vanishes on 0M, the 
derivative ofthe map 


Heo) 











lant: AM + S? 


docs not have fll rank anywhere, Sars Lemma [Milnor 1965, $2] 
then asserts that there isa point p © S* that fe notin the smage 
‘of & Therefore we can smoothly homotope # toa constant map 


an 


from #M to $2, Thus =! M+ S? can be extended to continuous 
rap #: RU (co) —» 8? and the rest ofthe argument i the same as 
in [Kuznetsov and Mikhailov 1980] 


E_ RATIONAL MAPS FOR FLOW PROCESSING 


“Any map £: 2 — Scan he writen as faction onthe extended 
complex plane by identifying S* » CU so) through stereographic 
projections -» {= q+ ps andits inverse s= (14 [¢|)H 1+ 
Ugl2Reg,~2Re(ig). Smirly, each map 2S + © is a map 
Be CP C4 BG, d2) = (QulCi, Lo), Qala. d2)) where fy,22 © C 
“hs designing sphere map fr Se. 53 amsunts to finding functions 
Fon the extended complex plane and = 














For our purpore good candidates for & are the rational functions 
HC) = (CPC) where P, Py are polynomials without com 
‘on divisor Rational functions goveall the conformal maps? —» © 
The mapping degree m; ie given by max deg(), deg\?)]-For each 
rational function £ a Function = = (Qy,Qa) with 705 = Com ixeally 
found with both Q,.Qz: C? —+ homogeneous polynomials: £(C) 
Que. QUE. 197% Simple examples ae sealing. Eman €) = 
corresponding to (ais, 2), 

and squaring fy(6) = £¢ with 261.02) 

(2.22) Belyi gave a gallery of functions that 

have particular discrete symmetries. For in 












ats + ac 329 

vais — cic} 
ives ra that maps the four vertices ofa tetrahedron on S* tothe 
fame point [Maget and Zvonkin 2000]. The inset gure shows the 
result of applying fiers to a world map on &? 


Saute 





To randomize the choice of the scrambling map with rotational 
symmetry, given a desired mapping degree m, one can choase 
E = (Q1.Q2) with 


Onti.te)= 5 


where Zj, © C are independent, normally distributed random 
rumbers for j= 1,2and k = 0...m [Wait 2017, Sec. 82] 
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ABSTRACT 


‘The main objective of this research was to investigate the lift and drag characteristics of a 
stepped airfoil with backward facing steps; apply active flow control technique to enhance the 
aerodynamic performance of stepped airfoils and examine the possibility of using such airfoils on 
Unmanned Aerial Vehicles (UAV’s). A step was introduced at mid-chord, with a depth of 50% of 
the airfoil thickness at mid-chord position extending till the trailing edge of a NACA 4415 airfoil. 
‘Computational studies were conducted with the use of passive flow control constituting the 


activation of step and active flow control with the use of air injecting jets placed in the step cavity 





of the NACA 4415 airfoil with a goal of enhancing the aerodynamic performance, The jet angle 
and jet momentum coefficient were varied independently to identify the best setting for 
‘optimizing the aerodynamic performance of the stepped airfoil. Experimental studies of a scaled 


wing model with the same airfoil were conducted in a wind tunnel for a range of Reynolds 





numbers to validate some of the numerical results obtained for the cases of base and stepped 
airfoils. The results produced show that as much as 37% increase in C, and as much as 12 % 
increase in L/D ratios over conventional airfoil values could be obtained using stepped airfoils 


and further enhancement could be made with the employment of jets placed in the step cavities. 





‘The case study conducted as a part of this research focuses on the UAV RQ-2 Pioneer 
employing a stepped airfoil configuration by comparing its aerodynamic characteristics with the 
conventional NACA 4415 airfoil originally used on this aircraft. The primary objective of the 
case study was to identify and outline a step schedule for the flight envelope of the UAV Pioneer 
using a stepped airfoil configuration while applying active flow control to obtain enhanced 


aerodynamic performance over conventional NACA 4415 airfoil originally used and hence 


improve the flight performance characteristics like Range and Endurance of the aircraft 
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Description 

airfoil chord 

wing area 

airfoil thickness at step leading edge 

distance from leading edge 

distance from airfoil LE to upper surface step LE 
distance from airfoil LE to lower surface step LE 
dimensionless upper surface step location, x/e 
dimensionless lower surface step location, x/e 
length of upper surface step 

length of lower surface step 

depth of upper surface step 

depth of lower surface step 

dimensionless upper surface step length, 1Je 
dimensionless lower surface step length, Ie 
dimensionless upper surface step depth, d/t 
dimensionless lower surface step depth, dt 

free stream velocity 

local pressure on airfoil surface 

free stream pressure 

free stream density 

dynamic viscosity of air 

Reynolds number, pU.c/t 


angle of attack 


xi 


xii 





a free stream dynamic pressure, 1/2p! 








Gi drag coefficient, D/g.S 
fot lift coefficient, Lig.S 


pressure coefficient, (P - P.)/q. 








D drag 

L sift 

T engine thrust available 

Vv velocity magnitude 

v dimensionless velocity 

x direction along the axis X 

Y direction along the axis Y 

vy velocity of the jet 

m, ‘mass flow rate of the jet 

c jet angle 

iG jet momentum coefficient 

g acceleration due to gravity 

Sto take-off distance 

Wo ‘maximum weight of the aircraft RQ-2 Pioneer 
Ww empty weight of the aircraft RQ-2 Pioneer 
Me rolling friction coefficient 

Chae maximum value of the lift coefficient 

E endurance 

1 highest propeller efficiency 





lowest specific fuel consumption of the piston engine used on RQ-2 Pioneer 





1, INTRODUCTION 


Since the advent of successful aviation in commercial, defense and experimental research 
sectors, people have been constantly researching on improving the quality of flow over the 


aircraft so as to enhance the overall performance in terms of lift, drag and stability characteristics, 





Flow control has been and stil is one of the most promising areas in aerodynamic research and 
will continue to be a prospective research topic as there will always be an upper limit to 
efficiency. Flow over submerged bodies such as an aircraft and or a submarine can be worked 
upon to delay boundary layer transition, postpone separation, increase lift, reduce skin-friction 
and pressure drag, augment turbulence, enhance heat transfer, or suppress noise, Preventing 
separation is highly critical as itis desirable for lift enhancement, stall delay, improved pressure 
recovery, and reduction in the form drag. Future applications in the field of aeronautics include 


providing structurally efficient alternatives to flaps or slats; cruise application on conventional 


takeoff and landing aircraft including boundary layer control on thick span-loader wings: as well 





as incre: 


ed leading edge thrust, and enhanced fuselage and upper surface lift with most of the 





new developments to be made pertain to the employment of various flow control techniques, 
‘Thus far, extensive research was done in passive flow control that involves control of flow sans 
use of external energy. Active flow which involves energy expenditure has been a hot topic of 
research in the recent decades and promises to be good for the future developments to come in the 
area of flow control. This research focuses on using both these techniques to enhance the 
aerodynamic performance of airfoils, 

‘A promising passive flow control technique which is primarily dealt with in this study 


might be to modify the geometry of a conventional airfoil by introducing backward facing steps, 





which forms a relatively new family of airfoil designs popularly known as “KF (Kline-F 


airfoils”, Introduction of a step could be greatly effective in changing the overall flow quality in 


w 


in could be 





the step cavity, which may not be quite obvious to intuition, ‘The flow transform: 
understood as due to rotation of the flow promoted by the introduction of the step along a length 
of an airfoil edge which otherwise had been continuous. Stepped airfoils use the concept of 
trapped vortex cavities and consequently there is the trapped vortex flow control which deals with 


the various flow alteration techniques to enhance the flow field characteristics, The flow which 





otherwi 





hhad been separated is forced to reattach by an intense system of vortices trapped in the 
cavity. Figure 1-1 compares the flow over a conventional with that over a modified airfoil with a 
step. Flow rotation induced near the step face generates a primary vortex as shown in Figure 1-2. 
A secondary vortex forms in the opposite direction after the flow reattaches itself to the boundary. 
‘Thus an airfoil with a step traps vortices in the cavity which primarily are the noticeable as well 
as distinguishing flow features as compared with the flow over conventional airfoils. The 


formation of these vortices alter the flow field characteristics thereby altering the lift, drag or 





pitel 





1g moment characteristics depending on whether the step 





introduced on the upper or 
lower edge of the airfoil, The advantage of using the passive flow control technique of trapped 
vortex cavities is that the existence of the cavity on an airfoil / wing surface naturally aids the 
formation of vortices inducing reattachment of flow thus requiring no additional energy 
expenditure, An intelligently engineered design of the cavity could very well help get the best out 
of the flow field thereby eliminating the need for use of energy to achieve the desired flow 
quality 

In addition to passive flow control techniques, active flow control could possibly be used 
for obtaining positive results. Active flow control involves usage of energy to alter the flow field 
characteristics, meaning the use of either blowing or suction to control the flow near the boundary 
4s to prevent flow separation. Flow control through blowing could be accomplished using air 
injecting jets or plasma actuators mainly to generate a directed stream of fluid to accelerate the 


slow moving air near the solid boundary thus delaying separation. Also, suction created using a 



















Figure 1-1; Comparison of flow over conventional airfoil and stepped airfoil. 
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Figure 1-2: Typical flow field around an airfoil with steps on upper and lower edges. 


pump aimed at sucking the slow and retarded fluid near the wall thus helping in forming a fresh 
boundary layer which could be used for avoiding or delaying flow separation, Blowing / Injection 


flow control technique was used as a part of this investigation. 


1.1, LITERATURE REVIEW 

Richard L.Kline and Floyd F.Fogleman introduced a breakthrough concept in airfoil 
design with their stepped airfoils developed in early 1960s. This heralded a new chapter in the 
aerodynamics with the break-through design of high performance airfoils with extended stalling 
capabilities and improved lift and drag characteristics. The Ultimate Paper Airplane’ by Richard 


Kline & F-Fogleman (1985, Simon & Schuster) des 





cribes that the object of this design was to 
develop an improved airfoil with enhanced lift, drag and stability characteristics and adaptability 
over a wide range of speeds, achieved by the generation of vortical flow that alters the flow field 
resulting in favorable effects. Several other articles published later had also stated that Kline~ 
Fogleman (KF) airfoils were capable of combining the best features of conventional airfoils ic., 
better lift with thick ones and higher speeds with thinner ones and further that they worked 
extremely well for achieving higher lift as well as forward speed. These statements are supported 
by the world record that Dick Kline still holds for the farthest flying paper plane equipped with 
stepped airfoils. In addition to the above mentioned claims, in an email that Kline sent to an RC 
modeling group on issues concerning KF airfoils, he highlighted the advantages of KF airfoils. 


Most noteworthy ones being the capabil 





of KF airfoils to handle a wide range of speeds; the 
much greater range for its center of gravity which its case could be moved as much as 40% chord 
location from the leading edge thus allowing it to carry a heavier load; better air penetration based 
on the flight experiences of model planes built with KF airfoils; high strength to weight ratio; 
‘great stability and control 

Some of the earliest citations of airfoils with vortex trapping cavities were made in a 
paper by Ringleb F.0." (1961). W.A.Kasper” claimed the first successful use of a trapped vortex. 


in a flight experiment in the seventies using a concept so-called as Kasper wing. 





:xperimental 
studies undertaken by Krupa"! (1977) verified that the Kasper-wing produced vortex shedding as 


against a steady trapped vortex thus resulting in lift enhancement. Some promising results were 


obtained by researchers of Saab-Scania (1974) using a wing with a vortex cavity as reported by 
Kruppa in his paper. 

‘Through the entire period of this research effort at Missouri University of Science and 
‘Technology, the biggest question in the minds of researchers was, “Why have the KF airfoils not 
been used for commercial applications till date even several decades after they were first 
developed by Kline and Fogleman?” The answers might be found through a set of developments 
that have taken place over a period of time. According to three independent scientific studies 
conducted in 1979 at the NASA’s Langley Research Center in Virginia, it was concluded that the 
LID ratios of wing with KF airfoils weren’t encouraging, thus further studies on the wing’s 
resistance to stalling became a low priority. Around the same period of time, Max Davis, of the 
Air Force Flight Dynamics Lab at Wright-Patterson Air Force Base in Dayton, OH, through his 
preliminary study stated the Kline-Fogleman wing was not suitable for a full-size aircraft because 
it had too much drag and not enough lift. In addition to these contradictory theories, the fact that 


KF 





foils are limited to use in radio-controlled model planes might be one of the reasons why 
KF airfoils have not been quite a thriving topic of research or their application was not extended 
to the commercial/defense aviation sectors of aeronautics. One of the objectives of this study to 
reinforce by the way of sound technical results obtained through both numerical and experimental 
research and to encompass the application of KF airfoils to a UAV by conducting a case study. 
Shifting to the review of studies conducted on stepped airfoils, it was in 1994 that the 
benefits of KF airfoils were scientifically proven through experiments and flight testing by 


Demeter G.Fei 





‘when he compared the results obtained for the stepped airfoil with those for 
conventional NACA 23012 airfoil and confirmed that the airfoils developed by Kline and 
Fogleman were potential designs to obtain better lift characteristics over a broad range of angles 
of attack, improve or eliminate stall at all possible operational airspeeds, increase lift to drag 


ratios over a wider range of operational angles of attack and be adaptable for both fixed and 





rotary wing aircraft. This set the direction for a new domain in flow control research, which till 

then involved focusing on use of flow control techniques on conventional airfoils. 
‘Aerodynamic studies on stepped airfoils were conducted by Stephen Witherspoon’ and 

Fathi Finaish (1996) for different configurations defined by the step lengths, depths, and the 


location of steps on airfoil chord. Experimental tests and numerical investigation with steps on 


NACA 0012 and 23012 airfoils showed that higher lift coe! 





jents were obtained with lower 
surface step located at half-chord, extending till the trailing edge at all angles of attack ranging 
from 0 to 10 deg. Further, upper surface steps located at half-chord and extending till 62.5% 
chord generated higher L/D ratios when compared with unmodified NACA 0012 airfoil at 


incidence(s) around 10deg. 





BAE SYSTEMS'", through their “AEROMEMS" research program (2000) concluded 
that MEMS based fully developed flow control system could result in a timeframe of 10-15 years, 
Research and Development work was intensified with the launch of “AEROMEMS II” program 
that focused on extensive wind-tunnel and flight testing of MEMS applications for flow control 
‘on a commercial scale. Quality research was also conducted with the initiatives taken at the Air 
Force Research Laboratory's Air Vehicle Directorate (AFRL/VA), NASA, DARPA apart from 
the support rendered by technical organizations such as AIAA through The Fluid Dynamics 
‘Technical Committee (FDTC) and ASME through The Fluid Dynamics Technical Committee 
(DTC). 

Research at UCLA/Caltech by Ho" and Tai, 2001 involved flight testing of a smart skin 
attached to an UAV, integrated with several shear stress sensors and balloon actuators distributed. 
over the skin. It was aimed at controlling the pitching, rolling and yawing moments by controlling 
the position of leading-edge vortices, achieved by micro-actuators coupled with a delta wing 
boundary layer. T. Crittenden"’, A. Glezer, E. Birdsell and M. Allen used MEMS-based sensing 


devices and pulse jets integrated into the flow boundary to achieve aerodynamic control. 


W.W.H, Yeung"? (2006) conducted flow visualization studies of corrugated airfoils using 
steps to compare them with conventional Joukowsky airfoil incorporating a backward facing step 
based on conformal mapping calculations. The results were in favor of the corrugated airfoils 
confirming that stepped airfoils produced better lift characteristics due to the formation of 
vortices. Triple corrugated airfoils produced as much as 10 % more than their conventional 
counterparts for the same camber, thickness and angle of attack 

Fabrizio De Gregorio and Giuseppe Fraioli'’ (2008) conducted an experimental study of 
flow control using a trapped vortex cavity on a high thickness airfoil with an objective to apply 
the results obtained to blended wing designs. Data from PIV measurements showed that passive 
‘Trapped Vortex Control (TVC) flow control is neither an effective separation control mechanism 
nor capable of confining the vortex, and controlling the vortex shedding. On the other hand, 
active flow control is capable of controlling flow separation. 


Masoud Boroomand and Shirzad Hosseinverdi"” 





2009) numerically investigated the 
turbulent flow around a NACA 2412 airfoil with backward facing steps at high Reynolds number 
with the objective of enhancing the aerodynamic performance by trapped vortex lift 
augmentation, All the results obtained through their study were in total agreement with those 
obtained by Stephen Witherspoon® and Fathi Finaish (1996) through their study of NACA 0012 
airfoil with a step. Conclusions from their study conducted in 2009 include increase in drag for all 
stepped airfoil configurations; increase in lift coefficients and lift to drag ratios at some angles of 
attack for upper step configurations; positive effect shown by lower step configurations on 


delaying the stalling angle. 


1.2. SCOPE OF THE CURRENT STUDY 
Vortical flow dominant with swirling vortices resulting from the modification of airfoil 


metry forms the basis for the desired flow alteration achievable, which is the prime advantage 








of using stepped airfoils while studying them with a goal of enhancement of aerodynamic 
performance. The resulting flow field around a stepped airfoil has improved lift and/or reduced 
drag and produced better stall characteristics, depending on the airfoil configuration and whether 
‘or not other flow control techniques are used in conjunction, ‘The study here was aimed at 
identifying the best setting of steps in the airfoil of choice and making the effective use of 
vortices resulting from stepped configurations at various flight conditions so as to enhance the 
aerodynamic performance of airfoil all of which to be achieved using both active and passive 
flow control techniques discussed in the Introduction Section of this thesis. Numerical studies 
involved both active and passive flow control techniques while the experimental studies involved 
the use of only the passive flow control technique. In other words, numerical results were 
obtained for flow over modified airfoil configurations at different flight conditions to find out 
whether the usage of step, ic. whether passive flow control using step produced better results 
than the conventional NACA airfoil and if it did, the next goal inline was to identify the best 
configuration while exploring the possibility of use of active flow control on the stepped airfoil 
with the use of jet placed in the step cavity, i, the application of passive and active flow control 
using a jet placed in the step cavity. Computational Studies were conducted by placing a jet at 
two different locations to identify the setting that produces the best results with regard to the 
aerodynamic characteristics of the stepped airfoil configuration studied. Wind tunnel testing was 
conducted to obtain experimental data for the purpose of validating the results obtained from the 


numerical studies. 


1.3. FORMULATION OF THE FLOW PROBLEM. 
‘The flow problem was set up as an airfoil fixed at a certain angle of attack with air 
flowing over it at a given free stream velocity as illustrated in Figure 1-2. The objective was to 


enhance the aerodynamic performance of the airfoil using steps and identify the most favorable 


step configuration for a given flight condition. The cor 





ration of a step is defined by its 
location on the airfoil chord, its length and depth expressed in terms of airfoil chord length. The 
employment of step alone to control the flow field around an airfoil comprises the passive flow 
control technique used in this study. Figure 1-2 shows the typical flow developments on a 
modified airfoil with backward facing steps on both the upper and lower surfaces. A jet placed at 
either of the two locations as mentioned before was used in conjunetion with step on the modified 


airfoil 


1.4. PARAMETER RANGE 

‘There are several parameters which can affect the flow field around an airfoil or a wing in 
flight. Both the airfoil and step profiles constitute the geometric parameters. The most important 
‘ones are the shape of airfoil (symmetric ot cambered); chord length; angle of attack; chord-wise 
location of the step; its length and depth on the upper and for lower surface, Figure 1-3 shows a 
sketch of a sample stepped airfoil configuration defining the main geometric parameters. The 
flow parameters are the free stream velocity, density and viscosity grouped together as the 


Reynolds number (Re). Re ranges from 0.6 million to 2.5 million for this flow problem while a 





was varied from 0 to 10 degrees. Based on the results obtained by Stephen Witherspoon and Fathi 





ish (1996), a limited range of parameters were chosen, The airfoil configuration of prime 
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Figure 1-3: Characterization of geometric parameters associated with stepped airfoil studied 
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interest was one with the step located on the upper edge at X,=0.5 with Ly =0.5 and D;=0.5. 
NACA 0012 airfoil tested with this step configuration produced higher lift coefficients than the 
unmodified airfoil for a range of angles of attack varying from 0 to 10 degrees. Thus cases 
studied were limited to those considering NACA 4415 airfoil as the base airfoil and those with 
the modified airfoil with a lower surface step located at mid-chord position. The table in the next 
few sections lists all the major parameters corresponding to each simulation for a set of cases for 
preliminary study. A jet was used to possibly improve the flow field characteristics and achieve 
‘an enhancement in the aerodynamic performance. The jet was characterized by the jet momentum, 
coefficient, Cy and the jet angle, C, The Cy is the ratio of the product of mass flow rate of the 


flow through the jet and the jet velocity to the free-stream dynamic pressure as defined below: 


cu 





(mV) qe a) 


‘The Cy was varied from 0.00027 to 0.01731 while the jet angle was varied in increments of 15 


degrees from 0° t0 45°, 


u 


2. METHODS OF INVESTIGATION 


Studies involving investigation of stepped airfoils with/without using jets were carried 
‘out using both computational and experimental approaches to examine the associated flow field 
developments and the resulting aerodynamic forces. The numerical studies were conducted using 
4 commercially available computational fluid dynamics package to simulate flow around the 
airfoils, The latter part of the research was conducted by employing a wind tunnel for running 


tests on the airfoils studied numer 





cally to generate some quantitative and qualitative data for 
validating the numerical results. This approach required building a test wing model using a 
conventional NACA airfoil and redesigning it to obtain the modified airfoil configurations to be 
tested. Force data including lift and drag were recorded during the tests. Experimental studies 
were conducted to complement the results obtained by the computational studies. Besides this, 
they were sought to provide information for a better understanding of the complex flow physics 


involved with the stepped airfoils. 


2.1, COMPUTATIONAL APPROACH 

2.1.1. Governing Equations, ‘The three fundamental principles governing the fluid 
flow characteristics are the conservation of mass, conservation of momentum, and conservation 
of energy. As there is no heat addition or rejection involved in this investigation, the conservation 
of energy principle is not discussed in this section. The conservation of mass principle applied to 


a fluid element in a fixed control surface is given by the following equation 


20.4. 9. (pv) = 
at VN) =0 ean) 


where V is the gradient operator defined as 
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‘The momentum equation is obtained by applying the Newton’s second law of motion to a fluid 


clement passing through a fixed control surface. It is expressed as below. 
av) 
SOU: pV = pf + ¥-Thy 23) 


The 





st term in the above equation defines the rate of change of momentum in the control 
surface: the second term defines the rate of loss of momentum by convection through the control 
surface. The first term on the right-hand side of (2.3) represents the body force while the second 


term represents the surface forces resulting from the normal and shear stresses defined as 


Ty = -Pdy + ty 











2) 
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ty a[Ge+2) s ge] bik =1,23 as, 
where 8 y is the Kronecker Delta function ( 8, =1 if i= f) x( by = Oif i +f). 
‘uj and x; represent the three components of the velocity vector V and the position vector 
respectively, Applying (2.4) and (2.5) to (2.3), it can be expressed as below: 

bv 2, (eu, mH) 2. au 

eRe pf VP +e (+ 52) Fon 2.6) 


‘The Navier-Stokes equations discussed in the momentum equation above are complex partial 
differential equations which by themselves are difficult to solve without making any sort of 
approximations. Thus in modeling a turbulent flow, time-averaged flow variables are used in the 
form of the Reynolds Averaged Navier-Stokes (RANS) equations to obtain approximate 
solutions to flow problems. To obtain the RANS equations the flow variables in the conservation 


equations are split into the mean (constant) and fluctuating (time-varying) component and the 


entire equation is averaged with respect to time, In the turbulence-modeling of a fluid flow, the 


flow variables of velocity, pressure, and temperature can be expressed as 


Where u and v represent the x and y components of the velocity vector respectively. The 


continuity equation can now be modified as 


2av-pv=0 (2.8) 





<d momentum equation can be expressed as 
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An additional transport equation is required to solve the RANS equations discussed above. The 


‘transport equation used in this investigation is the Spalart-Allmaras model defined below. 


ape) , (pus) 
ae ax 
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‘This one-equation model solves for the kinematic eddy or turbulent viscosity. G, represents the 


production of turbulent viscosity; Y, represents the destruction of turbulent viscosity that occurs 





due to wall blocking and viscous damping; v is the kinematic viscosity; # is a variable identical to 
the turbulent kinematic viscosity accept in the near-wall region which is affected by viscosity 


Sj is the user-defined source term while oy and Cya are constants. 


2. 





.. Tools Used. All of the computational work was done using commercial 
software packages. All the Pre-processing comprising mesh generation, quality control and 
setting up of the boundary conditions was done using GAMBIT. “GAMBIT 2.4” was used for 


‘generating meshes for all the airfoil configurations. The meshes were then imported into ANSYS 


4 





12-“FLUENT®, a finite volume method based CFD tool which solves the governing equations of 
conservation of mass and momentum was the flow solver used for the entire numerical analysis. 


Post processing including generation of plots and figures was done using FLUENT and Tecplot. 


21. 





|. Computational Details. The problem was set up as a two dimensional flow 
problem in single phase. The Cartesian co-ordinate axes were fixed at the leading edge of the 
airfoil in each case, The computational domain comprises of four blocks for all base airfoil 
configurations, while the single step configurations had eight mesh blocks. The blocks 
encompassed a region of length three chords above and below the X-axis which coincides with 
the chord line of the airfoil, 2.5 chords ahead of the leading edge and 4 chords behind the trailing 
edge as shown in Figure 2-1. For the most basic mesh or the coarsest mesh with the base airfoil, 
the grid density within the blocks was 45 cells above and below the X-axis normal to the airfoil 
surface distributed in a successive ratio of 1.15, concentrated near the airfoil surface. In the 
chord-wise direction, the flow domain was meshed with 60 nodes concentrated near the airfoil 
trailing edge. The mesh becomes coarser towards the end of the flow domain to take advantage of 
the property of fully developed flow farther away from the airfoil. The upper and lower edges of 
the airfoil are split to distribute the mesh points resulting in a mesh of better quality. Both the 
edges of the airfoil meshed with 76 nodes, Figure 2-2 shows the grid distribution around a NACA 
4415 airfoil with a step, 

‘The flow was modeled as steady, incompressible in the flow domain comprising several 
blocks. The fluid chosen was air at standard atmospheric conditions which were set as the 
reference values along with the free-stream velocity set corresponding to the flow Re for each 


simulation run for the preliminary cases of study, The inlet was set 





‘Velocity Inlet” which 
includes all the front, top and bottom edges of the flow domain, The x and y-velocities are “u", 


which is defined by the Reynolds number used and “V" that equals 0 m/s. “Spalart-Allmaras” one 
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Figure 2-1: Block structure of the flow domain over an airfoil with a step on the lower surface. 


‘equation turbulence model was used in FLUENT for all computations. This computational model 


is well suited for modeling wall driven flows which transpit 





‘most commonly over aerodynamic 
bodies. 

All the exit boundaries combined were set as “Pressure Outlet”, All the airfoil edges 
together were set as “Wall” with no-slip condition. The convergence criteria was set at 1e-06 for 
residuals, continuity, x and y velocities uniformly. The flow solver used the SIMPLE algorithm 
for pressure-velocity coupling. Least Squares Cell Based method was used for gradient 
computations. Pressure was set as second order, Momentum, and Modified Turbulent Viscosity 


were set as Second Order Upwind for Spatial Discretization computations, 
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Figure 2-2: Grid distribution around a NACA 4415 airfoil with a step on the lower surface 


2.14. Grid- 





nyergence Study. Since the grid densities normal to parallel to the 
flow direction and fineness of the mesh near the airfoil surface can affect the accuracy of the 


solution, the effect of these parameters was studied so that results did not deviate much as the 





mesh size was increased. The mesh size in terms of number of nodes was increased in “n” 





multiples and the simulations were run for each case till the converged results were close to those 
obtained with previous mesh size. This way study was done till the grid convergence was reached 
and the best mesh configuration was identified beyond which the results do not vary with the grid 
density of the mesh points, Also during the study the results obtained in each case were compared 


with the experimental data available to identify the mesh generating the most accurate results 


bearing in mind the grid quality in each case, Figure 2-2 illustrates the mesh around a NACA 


7 


4415 airfoil with a step. As shown by the figure, the grid is much finer near the edge of the airfoil 
and grid points are concentrated in the step cavity to obtain more accurate results as well as better 
resolution of the flow field near the airfoil edge and in the step cavity. The final refined meshes 
around the base airfoil had around 95,000 grid points, while the meshes for stepped airfoil cases 


hhad about 120,000 grid points. The other meshes for cases of jet placed in the step cavity around 





150,000 points each, Figure 2-3 shows the grid convergence for the lift and drag coefficients 
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Figure 2-3: Illustration of Grid Convergence for the lift and drag coefficients. 


21. 





. Preliminary Results. Some initial numerical results obtained were compared 





with the experimental data available in Reference 10 in order to evaluate the validity of the results 


‘as tabulated in Table 2-1. As the Reynolds numbers used were of the order of millions, all the 





computations were performed considering the flow to be turbulent, ‘The initial results generated 
especially in the case of lift computations for the Reynolds number of three miltion were in 
descent agreement with the experimental data. Figure 2-4 compares experimental data available 
with the preliminary numerical results for the cases studied. The error lies within 5-10 % as 


compared with the experimental values of lift, while the corresponding error for drag values is 
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Table 2-1: Summary of NACA 4415 airfoil configurations studied for validation. 
Case No Airfoil Configuration Re U, [mvs] | a [deg] 
bs Base 3e6 43.61 0 
x Base 3e6 43.61 4 
3 Base 3e6 43.61 8$ 
4 airfoil with step 3e6 43.61 oO 
5 airfoil with step 3e6 43.61 4 
6 airfoil with step 3e6 43.61 8 
aa 0035 
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Figure 2-4: Comparison of numerical results with experimental data. (a) Lift; (b) Drag 


higher lying between 23-65 %. As there is high error in the drag results obtained, the author 


would like to caution researchers that the accuracy of the quantitative results presented in this, 


thesis may not be highly reliable. On the other hand if the error in the drag results were to be 


much less of the order of the error in the lift data, then the values of lift to drag ratio presented in 


this thesis would be much higher which is beneficial. Use of the results for future studies may be 


made while being conscious about these observations. Preliminary results were obtained for 
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NACA 4415 airfoil at three different angles of attack (0°, 5°, and 10°), Also results were also 
obtained for modified airfoil with step at these a(s) to examine whether use of step yielded better 
aerodynamic performance measured in terms of the L/D ratio, the higher the better. As expected, 
LID ratios for the stepped airfoils were higher than those for the base airfoils. All the six cases 


mentioned above constitute the ones studied for validating the computational results 


2.2, EXPERIMENTAL APPROACH 

‘The second part of this research involved experimental investigation of stepped airfoils to 
validate some of the results obtained with numerical studies conducted as a part of this research 
effort. All the experimental studies were conducted in the Aerospace Flow Laboratory located in 
the Department of Mechanical and Aerospace Engineering [MAE] at the Missouri University of 
Science and Technology. The flow lab at Missouri S & T houses the wind tunnels used for 


aerodynamic testing along with the test model fabrication facilities. This section presents the 





approach followed for the wind tunnel testing of the modified NACA 4415 airfoil with lower 


surface step. 


2.2.1. Wind Tunnel Facility. The Aerospace Flow Laboratory at Missouri § & T 
houses a subsonic wind tunnel which was used for all the testing done as a part of the current 
research to measure the airfoil force data This facility has an open return type wind tunnel, The 
tunnel is equipped with three interchangeable test sections that can easily be installed downstream 
of a convergent section. A computer station equipped with an experimental data acquisition 
system is available for recording data. The aerodynamic forces on the test models were measured 
for a range of tunnel speeds corresponding to Re’s ranging from 0.4 million to 0.8 million on the 
model that was tested based on the conditions of pressure and temperature in the wind tunnel that 


were measured during the tests. The tunnel consists of a bell-mouth inlet, a honeycomb structure, 





Ww turbulence is 





a settling chamber, and a 6:25:1 fiberglass/foam lamination contraction. 
controlled by a combination of three anti-turbulence screens and the honeycomb panel installed in 
the tunnel settling chamber. Figure 2-5 depicts a sketch of the wind tunnel and the flow 
visualization system used. These sections are followed by an 18" x 18" x 60" Plexiglas test 
section, and a diffusor. The tunnel, driven by a 20 hp DC motor that provides feedback control for 
a tubular accoustafoil fan, is capable of a maximum flow velocity of 68 mph (or) 30.5 m/s. The 
tunnel is equipped with a smoke rake located upstream of the settling chamber section in the 
tunnel. The rake is connected to a pressurized tank fed by a Rosco fog generator, which produces 
the fog/smoke by heating Rosco fog fluid. A pressure regulator on the tank and a fog volume 
control on the generator allow for optimal adjustment of the smoke sheet as per the test model 
size and/or tunnel speed. A still camera was used to record the images and a basic lighting system 
‘was available for illuminating the test section during the testing. The test model in the wind 
tunnel was supported using a piece of copper tubing passing through holes made in the test 
section walls and the test model. The ends on the tubing rested on the load cells. One end of the 
tubing was fitted with a mechanism to alter the angle of attack the test model during the testing. 
aerodynamic forces acting on the model were measured using these load cells. The load cells are 


capable of measuring forces between 0.0015 kg and 5 kg. The other end is connected to the data 
































Schematic of the wind tunnel and flow visualization facility. Courtesy: MAE Dept, 





acquisition system used for recording the force data, 


2.2.2. Test Model. The wing model used for wind tunnel testing was built with a step 
whose depth could be varied remotely during the testing. This mechanized wing model consisted 
of wing sections employing the NACA 4415 airfoil with a lower surface step configuration of X; 
=0.5, L1=0.5, and a variable depth. The chord of the square plan form model was 16 inches while 
the span was 16 inches resulting in a surface area of 1.78 f°. The span of the model allowed for 


only 1 inch of clearance between the model and the wind tunnel on either side so that the flow 





could be assumed to be entirely two dimensional. The model was fabricated using a 1/8” thick 
sheet of balsa wood for the wing sections, a 1/16" thick balsa sheet for outer sheeting, 1" x 3/8" 
spruce for spars, 1/8” aluminum sheet for the variable lower surface step. During the testing, the 
step was actuated using a remote controllable mechanism involving a servo motor fitted within 


the model using a set of plastic linkages. The various step depths were marked in black ink on the 





wing-tip airfoil made of Plexiglas for easy detection during the testing. The servo motor was 
fitted onto the balsa framework inside the wing. To facilitate easy access to the motor and the 
wiring, an access plate was designed and fabricated out of a 1/8” balsa sheet and then filed to give 
ita smooth finish so its upper surface matches with the contour profile of the rest of the wing 
surface. It was then screwed in place onto the framework. Figures 2-6 (a), (b), (c), and (b) show 
the set of NACA 4415 airfoils made, wing framework, servo and step surface linkage mechanism, 
perspective view of the model with the access plate and the servo motor mounted on a set of wing, 
ribs. The step-activating mechanism was operated using a transmitter remotely. The model was 
mounted with the step fully retracted so that the model could be assumed to be corresponding to 
the conventional NACA 415 airfoil considered the base airfoil for all the cases. During the 


testing, the step depth was varied gradually to record the experimental data for each modified 





airfoil configuration of Xi=0.5, Li=0.5, and the particular step depth setting, 
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Figure 2-6; Illustrations of the test model. (a) NACA 4415 airfoils; (b) wing framework; (c) servo 
and step surface linkage; (d) perspective view of the wing model; (e) model mounted in the test 
section; and (f) lighting system inside the test section. 


3. RESULTS AND DISCUSSION 


‘Through numerical studies and experimental investigation, useful results were generated 
for airfoil configuration comprising of conventional NACA airfoil and the corresponding 
modified airfoil with step introduced on the lower surface. This section presents the 
comprehensive description and analyses of all the usable results obtained. Results are presented 
for airfoils by varying some geometric and aerodynamic parameters along with discussion of the 
results with regard to the flow structures discussed in the first chapter of this thesis, pressure 
distribution, and aerodynamic characteristics associated with the modified NACA 4415 airfoil 
configuration set at a predefined attitude and a given set of inlet conditions. The numerical results 
obtained were used to compare the various stepped airfoil cases with the corresponding cases 
using jet by varying the jet parameters. Further, this section presents the results comprising the 


experimental force measurements leading to aerodynamic coefficient data. 


3.1. COMPUTATIONAL RESULTS 

Results showing the flow field developments are presented as velocity vector, static 
pressure contour and pressure coefficient plots using FLUENT and Teeplot as post processors. 
Further, aerodynamic characteristics such as lift, drag and pitching moment coefficients are also 
presented as obtained from the resulting pressure and shear stress distributions at different flight 
conditions. Conventional NACA 4415 airfoil and the modified airfoil configuration were 
evaluated for a given set of inlet conditions. On the basis of the results generated by Stephen 
Witherspoon’ and Fathi Finaish (1996) according to which airfoil with step on the lower edge 
with X; =0.5, L,=0.5, and D,=0.5 is the best in terms of aerodynamic performance, further 
analysis was sought for the cambered NACA 4415 airfoil. Table 3-1 enlists the various cases 


investigated numerically as a part of this research. The operating conditions matching the 


standard atmospheric values of pressure, temperature, and density were kept the same for all the 


ceases during the study. 


3.1.1. Passive Flow Control. In this study, this flow control technique involves the 





use of step to modify the flow field around a NACA 4415 airfoil. The resulting airfoil 
configuration brings about some flow field developments which might help control the flow so as 


to enhance the aerodynamic performance. 


‘Table 3-1: Summary of NACA 4415 airfoil configurations studied. 












































Case No | Airfoil Configuration Re | Uelmvs] [a (dew) 
7 Base r7e6 | 2493 | 2 
8 i7e6 | 2493 [2 
9 066 | 876 4 
10 X=05 0606 | 8.76 4 
i 1206 4 
12 X=05; 1266 4 
1B 186 4 
4 X205; 1866 4 
15 256 8 
16 256 8 
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Velocity contours and streamlines. In order to explore the flow field 
developments around a NACA 4415 airfoil with a step, let us start by considering a sample 
velocity contour and streamline plot. Figure 3-1 shows a global view of the streamlines and 


velocity contour field around airfoil with step configuration of X; =0.5, Ly =0.5, and D, =0.5 on 





the lower edge. Figure 3-2 presents the pressure contours for the same configuration. The legend 


Figure 3 





1 shows the velocity contours colored by magnitude of velocity in meters per second, 





where the free stream velo 





is 26.4 mV/s corresponding to a Re of 1,8 million. The angle of 
attack is 4 degrees. In the figure it can be seen that as the flow progresses, it accelerates over the 
front portion of the airfoil, slightly decelerating past the quarter chord leaving a wake behind the 
trailing edge of the airfoil. Figure 3-3 shows the magnified view of the flow inside the region of 
stepped airfoil shown in Figure 3-1 along with the plots for eases of Re = 0.6 million and 1.2 
million, As can be noticed, the flow separates at the leading edge of the step forming a vortex 
behind the step face and then reattaches itself some distance downstream, A secondary vortex is 
formed after the reattachment near the top step comer as shown. The secondary vortex is much 
smaller than the primary one, Recirculation zones are clearly shown in the figure, which are 
similar to the predicted flow developments illustrated in Figure 1-2. Though the step extends till 
the trailing edge, the center of the primary vortex occurs closer to the step face as can be seen in 
Figure 3-1. Figures showing velocity contour and streamline plots for the modified airfoil with 
lower edge step configurations of X;=0.5, L1=0.5, and D,=0.5 at a=4? and at Re(s) of 0.6, 1.2, 
‘and 1.8 million are grouped together. Also figures showing velocity contour and streamline plots 
for the same airfoil configurations at a = 8° at Re of 2.5 million and at a =2° at Re of 1.7 million 
are grouped together. The legend on all the velocity contour and streamline plots defines the 
dimensionless velocities represented by the colored vectors defined as: 


v=V/U,, where V = [(X-Velocit 





)* + (Y-Velocity)" (3.1) 


With the i 





crease in Re, the overall flow velocities in the flow field will be higher. But the 
strength of the vortices may not be high enough for all the stepped cases for any benefit in terms 


of the aerodynamic characteristics in each and every case which is discussed further in the later 





sections. Higher inlet velocities produce stronger vortices in the step region thus allowing the 


possibility of producing better lift characteristics which to prove is one of the goals in this study. 





1m the plots in Figure 3-3, not much variation can be seen as the Re is increased. There is a 
slight variation in the velocity contour plots shown in Figure 3-4 in comparison with those in the 
Figure 3-3, Figure 3-5 shows the plots illustrating the vorticity distributions for the various cases 
studied at a= 4°, As can be noticed from the plots, the vorticity gradients within the step cavity 
increase as the Re is increased. The increase in the vorticity gradients is also clear from the Figure 
3-6. As there is a consistent rise in drag for the modified airfoils over the base airfoil cases, the 
focus of this study was to identify the benefits in terms of the lift to drag ratios, The 


corresponding results are discussed in the section of aerodynamic coefficients. 


3. 





Pressure distributions. The effect of these flow developments on the 
pressure around the airfoils and the resulting aerodynamic characterisities can be better 
understood by analyzing the plots of static pressure contours which are curves along which the 
pressures are equal. Figure 3-2 shows a global view of pressure contours around the airfoil 
configuration of Figure 3-1. The legend indicates values of pressure expressed as pressure 


coetficient Cp varying from -2.5 to I. Figures 3-7 and 3-8 contain the pressure contour plots 





corresponding to the velocity vector plots grouped together as mentioned earlier for the same set 
of parameters. The C, varies from -1.3 to 1 on all these plots showing the magnified view of the 
pressure distribution within the step cavity. The recirculation in the step cavity due to the 
formation of vortices can be seen as concentric circles of pressure contours with their center 
coinciding with the center of the vortex. Regions with denser spacing of pressure contours are 
indicative of stronger pressure gradients and vice-versa. These intense regions can be visualized 


downtream of the vorex where there is reattachement of flow and thus a pressure gain. Also 





regions near the airfoil leading edge and the upper side of the front portion have high pressure 
gradients, It can be observed that there is high pressure at the leading edge due to flow stagnation. 


As the flow passes over the convex upper portion, there is decrese in pressure due to the flow 
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Figure 3-1: Global View of Velocity Contours and Streamlines around a stepped NACA 4415 
airfoil at a=4°; Re= 1.8 million; X;=0.5; Ly =0.5; and D;=0.5. 
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Figure 3-2: Global View of Pressure Contours around a stepped NACA 4415 airfoil at a= 4°; 
Re = 18 million; X, =0. ‘5; and Dj =0.5. 











Figure 3-3: Velocity Contours and Streamlines in the step cavity of a modified NACA 4415 
airfoil at a= 4°; Xj =0.5; Ly =0.5; and Dy =0.5. (a) Re = 0.6 million; (b) Re = 1.2 million; (c) Re = 
1.8 million, 








(b). 





Figure 3-4: Velocity Contours and Streamlines in the step cavity of a modi 
airfoil; X,=0.5; Ly=0.5: and D,=0.5, (a) a=8°, Re=2.5 million; (b) a= 
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Figure 3-5: Vorticity Contours in the step cavity of a modified NACA 4415 airfoil at a= 4°: 
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5: L,=0.5; and D; =0.5. (a) Re = 0.6 million; (b) Re 





2 million; (c) Re = 1.8 million 





Z¥atiy pos 
1300 | 


tan 
960 





mo tM i ee. 

00 | - P =a 
auf ,, 
30 | = am 
240 a ae 





ig 
Ae eae 
jog hei Seta = 





(b), 


6: Vorticity Contours in the step cavity of a modified NACA 4415 airfoil; X; 
°, Re = 1.7 million 





Figure 
=0.5; Li =0.5; and Dj =0.5. (a) a=8°, Re = 2.5 million; (6) 























Figure 3-7: Pressure Contours in the step cavity of a modified NACA 4415 airfoil at a= 4°; X; 
=0.5; L, =0.5; and D, =0.5. (a) Re = 0.6 million; (b) Re = 1.2 million; (c) Re = 1.8 million. 
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Figure 3-8: Pressure Contours in the step cavity of a modified NACA 4415 airfoil; X; 
=0.5; Li=0.5; and Dy =0.5. (a) a= 8°, Re=2,5 million; (b) a=2°, Re = 1.7 million. 





acceleration shown by the Figure 3-1. Further downstream, the pressure builds up till it reaches 
the undisturbed air pressure level. In contrast to the pressure field on the upper surface, there is, 
hot much variation in the pressure on the lower surface except in the step cavity due to the 
formation of vortices and rettachment of flow downstream, From the plots for stepped 
configurations in Figure 3-7, it can be seen that with the increase in Re, there is higher change in 
pressure (AP) around the airfoil though the overall trend remains the same for all the cases shown 
in Figure 3-7. The magnitude of of pressure in the region of flow reattachment in the step cavity 
is higher at higher angles of attack which can be observed from the pressure plots by comparing, 
Figure 3-7(c) and Figure 3-8 in the for a(s) of 2°, 4°, and 8° and Re(s) of 1.7, 1.8, and 2.5 million 
respectively, as from the Figure 3-7, it can be seen that Re does not have much effect on the 
pressure in the region of flow reattachment in proportion with the overall changes in the flow 
field pressure around the airfoil 

In addition to the pressure contour plots, pressure coeflicient plots facilitate further 


understanding of the pressure variation along the edges of the airfoil configurations. Figure 3-9 





illustrates the plots of pressure coefficient versus airfoil chord for a range of Re(s) and a= 4°, 
‘The upper curve in all the plots indicates the variation of pressure coefficient along the airfoil 
lower surface and vice versa. As can be noticed from the plots for base airfoil cases in Figure 3-9 
and Figure 3-10, the lower surface pressure distribution flattens out after an initial curvy portion 
which clearly is not the case with the stepped airfoil configurations. The effect of introducing a 
step is evident from this observation. From the plots for stepped airfoil cases, it is very clear that 
starting from the step face there is a slight drop in pressure due to the presence of trapped 
vortices, As we move further downstream, there is an increase in the pressure on the lower 
surface resulting from the force exerted by the large rotating vortex on the airfoil surface. As can 
be observed from the plots, the pressure on the airfoil edge comprising the step is higher than that 


for the base airfoil cases. This observation is consistent for all the stepped airfoil cases, This 


explains the higher C; values and the corresponding lift to drag ratios which will be discussed 


further in the following section of this thesis. 


3 





Aerodynamic coefficients. All the aerodynamic characteristics 
including lift, drag, and moment coefficients directly result from the pressure distributions around 
the airfoil at a given set of operating conditions. As the present study considers a range of Re(s) 
and airfoil configurations at different a’s, the whole set of flow conditions bring about many 
cases for study. The plots in Figure 3-11 show the % change in lift coefficient (AC)) for various 
cases studied at a= 2° without the use of active flow control using jet. AC; here represents the 
difference in C; obtained with the unmodified airfoil and the modified airfoil with step. A positive 
value indicates an increase in Cand a negative value indicates a decrease in C, with respect to the 


unmodified airfoil, Percent change in lift coefficient for any modified airfoil case is defined by 


Act 
Gifor base airfoll 





% change in C, +100 





Figure 3-12 shows the lift to drag ratio plots obtained from the lift and drag data for a= 
2°. Figure 3-13 shows the plots for % change in lift coefficient for cases studied at a=4° 
followed by the lift to drag ratio plots shown in Figure 3-14. Figures 3-15 and 3-16 present the 
corresponding plots for cases studied at a= 8°, Figures 3-11; 3-13; and 3-15 show that AC, 
obtained with the use of step on the lower surface of a NACA 4414 airfoil is positive for all the 


cases meaning the stepped airfoil produces higher lift than the base airfoil. It is the highest for the 





case with Re = 2.5 million, the trend being the same at all a's 





ranging from about 20% to 35% 





increase over the base airfoil, In Figure 3-11 the AC, obtained as Re inereases from 0.6 million to 
1.2 million is higher than that obtained as Re increases from 1.2 million to 1.8 million. Figures 3- 


12; 3-14; and 3-16 have plots comparing the lift to drag ratio for the base airfoil and stepped 
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Figure 3-9: Pressure C, 





(0. Re = 1.8 million 





efficient versus chord of airfoils at a = 4° for a range of Re(s). Left 


column: NACA 4415 (base) airfoil; Right column: Modified airfoil with step on the lower surface 
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Figure 3-10: Pressure Coefficient versus chord of airfoils for different a(s) and Re(s). Left 
column: NACA 4415 (base) airfoil; Right column: Modified airfoil with step on the lower edge. 
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Figure 3-11: Comparison of lift characteristics for modified airfoil 
configurations for a = 2° and a range of Re(s). 
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Figure 3-12: Comparison of Lift to Drag Ratio of base and modified airfoil 
configurations for a = 2° and a range of Re(s). 
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Figure 3-13: Comparison of lift characteristics for modified airfoil 
configurations for a= 4° and a range of Re(s).. 
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Figure 3-14: Comparison of Lift to Drag Ratio of base and modified 
airfoil configurations for a= 4° and a range of Re(s).S 
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Figure 3-15 





: Comparison of lift characteristics for modified airfoil 


configurations for a = 8° and a range of Re(s).. 
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Figure 3-1 


6: Comparison of Lift to Drag Ratio of base and modified airfoil 


configurations for a =8° and a range of Re(s).. 
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airfoil for the various cases studied. This trend with the L/D ratios for the stepped airfoils is also 
noticeable in the plots shown in these figures. The values of L/D ratio are higher for the stepped 
airfoil cases than those of the base airfoil cases for all Re’s except for Re = 0.6 million. Though 
there is an increase in C, over the base airfoil cases for all the stepped airfoil cases, there is rise in 


CG 


a consequence of the use of step. The contributions to the higher lift to drag ratios come 





from the significant increments in C, for the modified airfoil cases, 


3.1.2. Active Flow Control Using Jet. The previous section dealt with all the cases 
studied without the use of jet or external energy for flow control. This section deals with the use 
of air injecting jets to alter the flow field by controlling the trapped vortex in order to enhance the 
aerodynamic performance of stepped airfoils which parallels with the title of this thesis. Thus this 
section was titled as such, The effect of using an air injecting jet in the step cavity was studied on 


a NACA 4415 airfoil with a backward facing flat step introduced on the lower surface, 


3 





Influence of air injecting jet placed in the step cavity. This study 
focuses on understanding the effect of an air injecting jet placed in the step cavities on the 
aerodynamic characteristics of stepped airfoils with an objective of enhancing their aerodynamic 
performance. The cases were studied with the jets placed at two different locations and the jet is 
injected at four different angles 0°, 15°, 30°, and 45° made with the direction of free stream 
velocity which coincides with the X-axis respectively from each location as shown in Figure 3-17 
thus forming several cases for study. Figure 3-17 shows the locations of the jets placed on the top 
and bottom of the step. Table 3-2 enlists all the cases studied using a jet as a part of this research 
In all the cases discussed in this section, the passive flow control technique realized as a step 
created on the lower side of a NACA 4415 airfoil is augmented by the use of external energy in 


the form of an air injecting jet to control the flow field within the step cavity. 


Jet placed et the comer 





Jet placed at the corner 


@. (b). 
Figure 3-17: Jet placed in the step cavity at different locations. (a) on the top; (b) on the bottom 





Table 3-2: Summary of modified NACA 4415 airfoil cases 
studied using jet in the step cavity at a =2°; Re = 1.7 million. 

























































































Jet Parameter 
Case No, 
t Gh Vi/Ue 

7 0 0.00027, 0.25 
18, 0 0.00108 05 
19 0 0.00243 0.75 
20 0: 0.00433 10 
21 0 0.00974 1s 
2 0.01731 20 

3 0.00027 
24 0.00108 
25 0.00243, 
26 0.00433, 
2 0.00974 15 
28 0.01731 20 
29 0.00027, 0.25 
30 0.00108 05 
31 0.00243 0.75 
2 0.00433 10 
3 0.00974 
uM 0.01731 
35 0.00027, 
36 0.00108. 
7 0.00243, 
38 0.00433, 10 
39 0.00974 15 
40 0.01731 2.0 


























jection corresponds to the jet velocity (V,) set for each case 
studied, The other parameter used for characterizing the jet is the angle of the jet (C). The width of 
the jet is about 3.22% of the depth of the step. Since the free-stream density and width of the jet 
are fixed, the mass flow rate is a direct function of V,. When the jet velocity takes the value equal 
to the free-stream velocity of 24.93 mls, the mass flow rate is about 0.07 kg/s. Use of jets in the 
step cavities produced interesting results, Preliminary results obtained for cases with jet placed at 
cach location and for different angles of injection show that jet placed on the bottom of the step 
face produces the best results overall with regard to the aerodynamic characteristics. Kitsios” et 
al through their research involving numerical study of NACA 0015 airfoil using Zero Net Mass 
Flux (ZNME) jets concluded that jets placed closer to the uncontrolled separation point require a 
lower jet velocity to achieve the desired lift enhancement. In other words, for a given jet velocity, 
higher lift coefficient is obtained when the jet is placed closer to the separation point. In the 
present study, it was observed that the jet placed at the corner of the step where the flow separates 
from the edge / surface of the airfoil which proves the observation made by them. Thus further 
investigation was conducted by placing the jet on the step bottom, Another observation made by 
the same research group mentioned above is that spreading rates of the jet effluxes and decay 
constants of oscillatory jets were higher than those of continuous jets in case of circular jet 
orifices. However, the current study involves a preliminary step in the studies on application of 
active flow control on stepped airfoils. Hence continuous jets are chosen for the entire study. All 
the results for the cases with jet were obtained for fixed inlet conditions of a= 2° and Re = 1.7 
million, Since this particular flight attitude condition corresponds to the cruise regime of the 
UAV Pioneer considered for the case study discussed later in this thesis, the focus in this 
investigation with regard to the enhancement of aerodynamic performance of stepped airfoils 
using jets was kept on the modified airfoil cases at a = 2° with the Reynolds number fixed at 1.7 


million and the corresponding U. at 24.93 ns. Figure 3-18 illustrates the various jet and step 
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‘geometry parameters along with the key flow developments in the step cavity of a modified 
airfoil using jet. As can be seen the vortex system existing within the step cavity comprises the 
large, primary vortices rotating counter-clockwise and the small, counter-rotating, secondary 
vortices, There are three main observed effects of jet on the flow field characteristics. First, the 
noticeable effect of jet is the pinching of the vortex system. It can be observed in all the jet cases 
that the jet is squeezing the large primary vortex. This can be easily realized by comparing the 
velocity contour and streamline plots presented in the next section for the modified airfoil cases 
without jet with those for the jet cases in the Figures 3-3, 3-4, and the plots for the jet cases 
discussed in the next section, Table 3-3 quantifies the dependence of the location of the center of 
vortex formed in the step cavity on the jet angle by comparing the jet cases with those of the 
stepped airfoil without a jet. The degree of the squeeze increases with the increase in the angle of 


the jet placed within the step ca s to result in an increase in the 





Secondly, the effect of the jet 





lift due to the increased force exerted by the vortex as illustrated in Figure 3-18, This increase in 





Table 3-3: The effect of { on the location of center of vortex 
with Cy fixed at 0.01731; V)= 2U,. 




















Jet Angle,€ | Distance of the votex center from 
the step face / step length 
step without jet 0.180 
o 0.110 
158 0.105 
30° 0.100 
45° 0,090 














the force exerted upon the airfoil surface by the vortex is because of the introduction of jet in 
which case the vortex system is strengthened with regions of acceleration visible in the outer 
layers of the large primary vortex in the flow visualization plots which will be discussed further 
in the next section, The third effect of the jet could be explained using the basic principles of 
action and reaction, Reflecting on the fundamental concept of a jet flap'® to better understand the 
influence of jet on the flow field characteristics, a jet flap isa thin, high energy jet that is directed 


downward at some angle with respect to the free stream. The effect of the jet flap is to creat a 





reaction force / lit due to the vertical component of the jet momentum. With a slight modification 
in the purpose of jet which in this research is to influence the flow field and attempt to control the 
trapped vortices in the step cavity, the effect of the jet could possibly be understood as one which 
generates a reaction force that acts in the direction opposite to the drag thus canceling part of the 
drag force acting on the airfoil. The result is reduced drag which is evident from the plots 
showing the dependence of the aerodynamic characteristics of stepped airfoil on the jet 


parameters of ¢ and V,. The results will be discussed in detuil in the Section 3.1.2.4 of this thesis. 


3. 





Velocity contours and streamlines. Figure 3-19 illustrates the flow 


field as streamlines superimposed on velocity contours colored by velocity magnitude over 





modified NACA 4415 airfoil with a step using a jet placed in the step cavity as shown in the 
Figure 3-17(b). Figure 3-20 presents the pressure contours for the same case. The velocity 
contours in Figure 3-19 are colored by dimensionless velocity v as defined in the Section 3.1.1.1 
‘The dimensionless velocity ranges from 0 to 2 in steps of 0.25 as shown by the legend. This case 
of study is same as that of the case for a =2°, Re = 1.7 million discussed earlier in this chapter in 
addition to which active flow control realized using a jet was employed for enhancing the 


aerodynamic performance. The jet is ejected at angle of 45° with a jet coefficient Cu = 0.01731 


corresponding to jet velocity V, 





U,.. The effect of jet is to energize the flow field within the 
step cavity which is more obvious ftom the Figure 3-21. In the figure, regions of acceleration can 
be spotted in the outer layers of the vortex in all of the three jet cases. From the figures, it is 
evident that the jet has an identifiable effect on the flow field by accelerating the flow within the 
vortex system. In other words, the jet is energizing the flow thereby strengthening the vortex. The 
pinching nature of the jet along with the flow acceleration caused by the jet in the step cavity act 
together to strengthen the vortex system prevalent in the step cavity. This explains and is evident 
from the benefits in terms of the lift and drag characteristics obtained from the use of jet at 
different angles over the modified airfoil with a step without jet which will be discussed in detail 
in the following sections. From the vorticity contours shown in Figure 3-22, it can be observed 
that there is a slight variation in the vorticity distribution within the step cavity when Cy is varied 


keeping ¢ fixed. The vorticity gradients increase as the jet velocity is varied which can be 





and 3 





understood by comparing the plots in Figures 


3 





Pressure distributions. Plots illustrating the pressure distributions 
facilitate better understanding of the various flow developments associated with the use of jet 


placed in the step cavity. Figure 3-20 presents the global view of pressure distribution around the 





modified NACA 4415 airfoil at a 


°, and Ri 





7 million with a step using a jet placed in the 
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Figure 3-19: Global View of Velocity Contours and Streamlines around a stepped NACA 4415 
airfoil using a jet placed in the step cavity with jet parameters ¢ = 45°, Cu = 0.01731 at a=2°: Re 
7 million; X; =0.5; Ly =0.5; and D; =0.5. 








Figure 3-20: Global View of Pressure Contours around a stepped NACA 4415 airfoil using a jet 
placed in the step cavity with jet parameters ¢ = 45°, Cu = 0.01731 at a= 2°; Re= 1.7 million; 
X;=0.5; Li =0.5; and Dy =0.5. 
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Velocity Contours and Streamlines in the step cavity of a modified NACA 4415 
airfoil using a jet placed in the step cavity with jet parameter Cy = 0.01731 at a=2°, Re = 1.7 
million; X;=0-5; L,=0.5; and D, =0.5. (a) step without jet; (b) C= 0°: (¢) C= 15° 
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Figure 3-21: Velocity Contours and Streamlines in the step cavity of a modified NACA 4415 
airfoil using a jet placed in the step cavity with jet parameter Cy = 0.01731 at a=2°, Re = 1.7 
million; X; =0.5; L: =0.5; and D; =0.5. (contd. (d) ¢= 30°; (e) C= 45° 
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Figure 3-22; Vorticity Contours in the step cavity of a modified NACA 4415 airfoil using 
a jet placed in the step cavity with jet parameter Cy = 0,01731 at a=2°, Re = 1.7 million; 
X1=0.5; L;=0.5; and D, =0.5. (a) step without jet; (b) C= 0%; (e) C= 15° 
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Figure 3-22: Vorticity Contours in the step cavity of a modified NACA 4415 airfoil using 
1a jet placed in the step cavity with jet parameter Cy = 0.01731 at a =2°, Re = 1.7 million; 
X,=0.5; Li =0.5; und Dy =0.5. (contd.) (d) C= 30°; (e) C= 45 














©). 
3-23: Flow field within the step cavity of a modified NACA 4415 airfoil using a jet placed 
in the step cavity with jet parameters { = 15°; Cu = 0.00108 at a= 2°, Re = 1.7 million; X; =0.5; 
5. (a) Velocity Contours and Streamlines; (b) Vorticity Contours; (e) Pressure 











Contours 


step cavity. The jet parameters are 





5°, and Cy = 0.01731 corresponding to V)= 2U... The 


contours in the plot showing the global pressure distribution are colored by the magnitude of 
pressure coefficient which ranges from -2.5 to 1, From the figure, it can be seen that there is flow 
stagnation in front of the airfoil. The pressure increases on the bottom surface as the flow 
progresses while on the top surface it decreases. As can be observed from the plot, there is higher 
variation in the pressure on the upper surface than that on lower surface. The pressure takes the 


highest values in the stagnation region around the airfoil leading edge while the lowest values 





‘occur on the upper surface. Figure 3-24 illustrates the magnified pressure contour plots showing 
the variation in pressure within the region of the step cavity. The C, on the legend varies from - 


1.3 to 1 on all these plots. Comparing the case of stepped airfoil us 





ng jet at C= 0° with that of the 
modified airfoil ease without jet shown in Figure 3-24(a), there is a slight variation in the pressure 
due to the introduction of jet. There is a substantial increase in pressure as C is increased to 30° 
and further increased to 45°. Pressure gradients are high in the region where the large vortex is 
stationed and also in the vicinity of the jet indicated by the presence of many pressure contours 
spaced closer. In all the C, plots it can be noticed that the minimum pressure in the step cavity 


‘occurs at the vortex core thereby proving the fact that a vortex exhibits a pressure minimum at the 





center. As compared with the case of stepped airfoil without jet, there is significant variation in 
the pressure in the step cavities in the jet cases studied due to the influence of jet on the flow 


field comprising the system of contra-rotating vortices 





Figure 3-25 shows the pressure coefficient plots illustrating the pressure distribution on 


the airfoil surface for the base airfoil, stepped airfoil, and stepped airfoil with jet cases for a= 2°; 





Re = 1,7 million, As can be seen from Figure 3-25(a) for base airfoil, the lower surface pressure 
distribution indicated by the lower curve is smooth with not much variation when compared with 


lear that 





the plots for various cases. From the plot for stepped airfoil without jet, itis vo 


starting from the step face there is an increase in the pressure on the lower surface. This increase 


4 





(a). 





Figure 3-24: Pressure Contours in the step cavity of a modified NACA 4415 airfoil using 
a jet placed in the step cavity with jet parameter Cyt = 0.01731 at a= 2°, Re = 1.7 million; 
Xi=0.5; Ly =0.5; and D;=0.5. (a) step without jet; (b) C= 0°; (e) C= 15° 
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Figure 3-24: Pressure Contours in the step cavity of a modified NACA 4415 airfoil using 
4 jet placed in the step cavity with jet parameter Cyt = 0.01731 at a= 2°, Re = 1.7 million; 
X,=0.5; L1=0.5; and D, =0.5. (contd.) (d) C= 30°: (e) C= 45° 
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in pressure results from the force exerted by the vortex on the wall of the airfoil. This explains the 
increase in C,due to the introduction of a step on the lower surface. Figures 3-25(c), (d), (e), and 
(f) show the pressure coefficient plots for the cases with jet for different jet parameters as 
mentioned below each plot. The plots for all the cases of step with jet show that the upper surface 
suction peak is unaltered as shown by the lower curves on the plots though there is much 
variation in the pressure on the lower surface as shown by the Wavy upper curves depicting the 
distribution of pressure. There is a significant change in the lower surface pressure distribution as 
compared to the case of step without jet. The sudden drop in the pressure at the step face in all the 
jet cases is due to the presence of jet itself as the flow velocities are high in the vicinity of the jet. 
‘The pressure rises back to normal just past the step face. Moving a little further along the airfoil 
wall there is a drop in pressure at the point on the wall corresponding to the location of the vortex 
core directly beneath it. This feature is noticeable in all the jet cases. Moving further downstream, 


there is a significant rise in the wall pressure due to the force exerted by the vortex on the airfoil 





surface. This variation in the pressure again, can be observed in all the jet cases. The pressure on 
the airfoil edge comprising the step in all the jet cases is appreciably higher than that for the 
stepped case evident from the plots in Figure 3-25, ‘This pronounced variation in the lower surface 


pressure explains the higher values of C; obtained for all the jet cases and the corresponding 


values of L/D ratio which are discussed in detail in the following section, 


3. 





Aerodynamic coefficients. All the information gathered in terms of 
the lift, drag and moment characteristics results from the pressure distributions discussed earlier 
in this thesis. Figure 3-26 has three plots showing the lift, drag and lift to drag data generated for 

the various cases of stepped airfoil using jet along with the case of step without jet. Looking at 

the figure at a glance to get the broader picture of the influence of jet on the aerodynamic 


performance of the stepped airfoil, it is evident that use of jet produces benefits by enhancing the 
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Figure 3-26: Dependence of the aerodynamic characteristics on € and Cu when compared with 
the NACA 4415 airfoil cases without jet at a =2°; Re = 1.7 million, (a) Lift: (b) Drag: (¢) Lift to 


Drag Ratio 


aerodynamic characteristics. The values of lift coefficient for all the jet cases are higher than that 
of the case without jet. Though there is a variation in C; as the jet angle is varied while also 
varying the jet velocity from 0.25U,, to U.. thereby increasing Cy from 0.00027 to 0.00108, its 
dependence on jet angle varied from 15° to 45° seems to be diminishing as the jet velocity is 
increased beyond the magnitude of U... As can be seen in the figure, C, for the case of step 
without jet is 0.8324, With the activation of the jet at C= 0°, and Cy = 0.00027 corresponding to 
V,=0.25U,. the C; increases to 0.8460. As the jet velocity is increased to its peak value of V,= 
2U,., with Cp = 0.01731 at = 0°, there is a further rise in C, to 0.8802 which is about 6% higher 
than the value for the step without jet case. ‘There is a steady increase in C as the jet velocity is, 
increased keeping { fixed at 0°, For the case of jet at C= 15°, the C; obtained is 0.8427 which is 
lesser than the value for the case of step without jet. There is a slight drop in C; as the jet velocity 
is increased from V, = 0.25U. to 0.5U. correspondingly Cy from 0.00027 to 0.00108. This 


observation could possibly be understood from the Figure 3-23 which shows the velocity 





contours and streamlines colored by dimensionless velocity in the region of step cavity. The jet 
injected at an angle of 15° hits the outer layers of the large primary vortex. The jet injected at this 
particular jet velocity of 12.465 mis seems to be ineffective in controlling the trapped vortex 
which is supported by the pressure contour plots shown in Figure 3-23. As can be noticed from 
the plots, there is only a slight variation in the pressure when compared with the pressure plots for 
the cases of step without jet and the jet cases shown by Figure 3-24. By comparison, the C; 
obtained for another jet case for the same angle by increasing the jet velocity Vj from 0.5U..to 
0.75U,. with Cy = 0.00243 is 0.8443 which is higher than that of the value for the case of step 


without jet. Also, the C; increases consistently with increase in the jet velocity till it takes its 





maximum value of 0.8921 at Cu = 0.01731 corresponding to the peak jet velocity V;=2U..as 
shown by the corresponding plot in Figure 3-26(a). When the jet angle is set at 30°, the C; 


obtained is 0.8451 at V; = 0.25U. With increase in the jet velocity there is a gradual rise in C, 


until the jet velocity takes the value of U,; the corresponding Cy increased from 0.00027 to 


0.00433. As Vj isincreased further beyond U, till V, 





Ue: Ch 





0173, there is a rapid increase 
in C, consistent with the increment in the jet velocity. Increasing the jet angle to 45° produces 


more interesting results, The jet parameters (= 45°; 





25U,.,Cu = 0.00027 give a C, of 


0.8467, the high 





for any jet case studied here at the lowest jet velocity. The C, plot for the case 
of jet angle fixed at 45° follows the same trend as that of the case of = 30° as the jet velocity is 
increased from 0.25U,, to Us; Cy from 0.00027 to 0.00433 and increased till V, equals 2U. and 
Cy = 0.0173. But beyond U, the values of C; are higher for the jet case at = 30°. The best results 
overall are obtained for the jet cases of jet angle equal to 30° and 45°. The case with jet angle = 
30° produces the highest C, about 8% higher than the value for the stepped airfoil case without 


the use of jet at the maximum value of Cu equal to 0.01731 corresponding to a jet velocity V, 








2U. for the case of a= 2°, and Re = 1.7 million which is evident from the C, plot shown in 


Figure 3-25(¢). The maximum pressure occurring on the airfoil surface downstream of the step 





face is higher in case of the jet case for C= 30° than that for ¢ = 45°. Figure 3-26(b) shows the 
drag data. It can be observed from the plots that the drag for some jet cases is lesser than that of 
the case without jet, the trend is opposite for some other jet cases, while for the rest of the cases, 


there is a slight or no variation as compared to value for the case of step without jet. The least Cy 


is obtained for the case with (= 45° at Cu = 0.01731. For the all cases studied but one with ¢= 








45°, the C, curve shows a decreasing trend which is quite interesting. In the cases associated with 
jet used in this study, the concept of jet flap could possibly be used to understand the reduction in 
drag in the jet case for {= 45°. A component of the jet momentum acts in the direction opposite 
to the free stream thus canceling a part of the drag resulting from the introduction of the step. 
According to Richard L.Kline as described in his 1985 article tiled The Ultimate Paper 
Airplane’, a stepped airfoil traps some of the displaced air molecules, reverses their direction, and 


produces a forward “push” which he called the “drag utilization”. In other words, a force in the 
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direction opposite to drag is created due to the flow field developments or the vortex systems 
energized by the action of jet placed within the step cavity due to which there is an identifiable 
reduction in the drag which is supported by the results shown in Figure 3-26(b). Use of jet with & 
= 45° at C= 0.01731 to control the flow field in the step cavity appears to be working the best 
following this concept of “drag utilization” and the result is, optimum aerodynamic 
characteristics, in this case the consistent decrease in Cy. 

‘These changes in the lift and drag resulting from the use of jet might affect piteihng 
moment considerably. Further investigation is required to rule out the possibility of having to 
expend usable power to obtain the benefits in aerodynamic performance to control the resulting 
changes in the pitching moment when the jet is used in the step cavity Which might nullify the 
benefits produced by the jet. Figure 3-26(c) shows the plots showing the variation in the lift to 
drag ratio as the jet parameters are varied. The lift to drag ratio is the highest for the jet case with 
equal to 45° at the highest value of Cy. Thus the jet ease with ¢ = 45° and Cy = 0.01731 
produces the best results in terms of the aerodynamic performance quantified by the L/D ratio of 
the modified NACA 4415 airfoil case with jet which is about 21% higher than that of the case for 


step without jet as illustrated in the figure. 


3.2, EXPERIMENTAL RESULTS 

‘This section deals with the results and discussion of the experimental data obtained 
through the wind tunnel testing of a NACA 4415 airfoil based wing-model. The experimental part 
Of the present research comprises of the measurements of forces. Force measurements were made 
to calculate the aerodynamic forces and the corresponding coefficients about the test model built 


with a panel for varying the step depth on the lower step configuration during the testing. Forces 





were measured over a stepped wing test model for a step length of Li = 0.5, D; 





0 (base airfoil), 


D,=0.1, 0.2, 0.3, 0.4 & 0.5 (stepped airfoil configurations). Due to the limitation of the 


maximum airspeed that could be achieved in the tunnel, force measurements were feasible only 


for Re as high as 0.6 million, Efforts were made to record some useful flow visualization data 





using the in-house LED based lighting system. However, due to the unavailability of a 
sophisticated flow visualization system, quality images revealing the flow field developments 
including vortical structures, reattachment information for the various tested configurations could 
not be captured. Figure 2-6 shows a sample image capturing the flow over the wing model with 
step fully deployed during the wind tunnel testing. 

Aerodynamic forces acting on the NACA 4415 based wing model were recorded during 
the wind tunnel testing using force balances. The lift and drag data obtained were processed to 


compute the aerodynamic coefficients 





Cyand Cy, The values of lift to drag ratio were then 
computed using the C, and C, values. Figure 3-27 presents the plots illustrating the variation of 
Gi, Ca, and the lift to drag ratio for the cases of base airfoil (the case with Di= 0.0) and the 


modified airfoil configurations studied (cases formed by vary 





18 the step depth from D,= 0.1 to 
0.5). Lift coefficient plots presented in Figure 3-27(a) show that the lift increases slightly as the 
step depth is increased from D,= 0.1 to 0.5. The C; values obtained are the highest for the case 
with D,=0.5 amongst all the cases studied. Drag coefficient plots presented in Figure 3-27(b) 
show that the trend is exactly the same as that observed in the C; plots. The drag increases as the 
step depth is increased. The base airfoil case produces the least drag while the stepped airfoil case 
with D,= 0.5 produces the highest. The results shown in this figure follow the same trend as that 


‘observed in the numerical results. As can be seen from the Figure’s 3-27(a) and (b), the 


experimental values of drag obtained in proportion with the lift are signi 





intly high as compared 
with the numerical lift and drag values for a given step configuration. Hence the experimental 
values of lift to drag ratio obtained are lower than the numerical values. Figure 3-27(c) shows 
various plots illustrating the variation in the value of the lift to drag ratio with change in the angle 


of attack. While analyzing in qualitative terms, it can be noted that the lift to drag ratios decrease 
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Figure 3-27: Variation of aerodynamic characteristics with angle of attack at Re 

(a), Lift; (b). Drag: and (c) Lift to Drag ratio 








with increase in the step depth for the stepped airfoil configurations. 





One of the cases of particular interest is the airfoil configuration set at a= 4°, Re= 0.6 
million. This particular case was tested to serve the purpose of validating the numerical results 
(presented in Figures 3-13 and 3-14) obtained for the same set of aerodynamic parameters and 


inlet conditions. Comparing the experimental and computational results itis apparent that at Re 





6 million, the base airfoil produces better aerodynamic characteristics, i. higher lift and 
lower drag thus resulting in higher lift to drag ratios than those obtained with the stepped airfoil 
configuration, ‘Thus the experimental result validates the one and only numerical case among all 


the cases studied for which the introduction of step on the lower surface seems to be ineffective in 





delivering better aerodynamic performance than the base airfoil case. The consistency noticed in 


the lift to drag ratio results from the increase in lift coef 





ient due to the introduction of step on 
the lower surface at about the entire range of attack tested just as predicted by the computational 
results obtained for the base airfoil and stepped airfoil configurations. Referring to the Figures 3- 
3(a) and 3-7(a), it can be concluded that for the case with Re = 0.6 million for the stepped airfoil 
configuration set at a= 4°, the vortex formed in the step cavity is not strong enough to alter the 
flow field characteristics s0 as to enhance the aerodynamic performance. The influence of step 


and jet on the pitching moments however needs to be investigated. 


4. CASE STUDY 


‘This research effort explored the possibility of using a combination of passive and active 
control techniques to investigate the aerodynamic performance of conventional NACA 4415 
airfoil using steps. The case study discussed here was aimed at the application of usable results 
‘obtained from the research conducted to a reconnaissance plane on a strategic mission 
considering various stages of flight to define our problem. The flight regimes include take-off & 
climb, cruise/reconnaissance, descent & landing, before the mission is completed. ‘The current 
study focused on pointing out the benefits with regard to the aerodynamic performance, arising 
from a stepped airfoil replacing a conventional airfoil on a real life Unmanned Aerial Vehicle 
(UAV). The aircraft of interest was the RQ-2 Pioneer which was operational with the Navy, 
Marine Corps, and Army since 1986. Pioneer uses a NACA 4415 airfoil, This tactical 
reconnaissance and surveillance UAV operates in a Reynolds number ranging from 1.8 million to 
3 million, Figure 4-1 shows the drawings of RQ-2 Pioneer, All the major technical 


specifications!” are shown in Table 4-1. Figure 4-2 shows an operational RQ-2 Pioneer in flight. 









































Figure 4-1: Schematic drawings" of RQ-2 Pioneer (RQ stands for Reconnaissance) 


Table 4-1: Technical Specifications of the UAV RQ-2 Pioneer. 
Length | 4.27 m(14 ft 0 in) 








Wingspan | 5.15 m (16 ft 10.75 in) 





Height | 1,00 m(3 {03.5 in) 





Weight | max: 205 kg (450 Ib): empty: 178 kg (392 Ib) 





Speed | max: 204 ken/h (127 mph); cruise: 120 km/h (74 mph) 





Ceiling | 4570 m (15000 ft) 





Range | 185 km (100 nm) 





Endurance | 5 hours 








Propulsion | Sachs & Fichtel SF2-350 piston engine; 19.4 kW (26 hp) 

















Figure 4-2: RQ-2 Pioneer in flight Courtesy: http:/Awww.military.com/ 
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‘The phases of flight envelope studied as a part of this research effort were limited to take~ 
off, climb, and cruise which corresponds to the reconnaissance mode, assuming that the descent 
and landing modes of flight are similar to climb and take-off with regard to the flight conditions. 
Amongst the flight phases, take-off and climb are the shortest, cruise being the longest and the 
most crucial phase for a reconnaissance plane. Since endurance is directly affected by the lift to 
drag ratio, itis an important performance parameter for any a reconnaissance plane and any 
reduction in drag achievable with complementary increase in lift can considerably enhance the 
aerodynamic performance of the plane. Otherwise any combination of lit and drag resulting in a 
lift to drag ratio higher than that obtained with a conventional NACA airfoil is beneficial which 


brings the application of passive and active flow control techniques into the current picture. 





‘The best stepped configuration was identified for each flight mode on the envelope. The 





data was mapped for the mission-specific objectives of a reconnaissance mission. Figures 3-9 
through 3-14 illustrate the summary of the various cases studied from which useful results were 
picked for this case study. The flight regimes associated with the various cases are discussed in 


the next sect 





n Results for the three phases of the entire flight envelope viz., the take-off, climb 


and cruise are discussed in the following sections, 


4.1. WORKING ASSUMPTIONS 

‘The chord of the NACA 4415 airfoil is 1 meter. All the experimental airfoil data 
available are for airfoils of unit chord length. For uniformity and ease of comparison of results 
obtained, the NACA 4415 airfoil with its actual chord of length 0.77 m as used on the UAV 
Pioneer was scaled to 1 m. The climb velocity of the UAV RQ-2 Pioneer studied here was 
assumed to be about 1500 ft. per min, The stall velocity was assumed to be around 95 km/h. The 


lift-off velocity was presumed to be equal to 1.3 times the stall velocity. The angles of attack 
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during the take-off, climb, and cruise were assumed to be 4°, 8° and 2° respectively. Based on the 


technical specifications available for the UAV, the wing loading was computed to be 502 Nim” 


4.2. RESULTS AND DISCUSSION 

4.2.1. Application of Passive Flow Control. This section discusses the 
application of the results obtained from studying the modified airfoil cases for a range of angles 
of attack and Reynolds number's, Corresponding to the flight conditions for each phase of flight, 
the results were picked for specific values of « and Re. The case study presented below discusses 


the Take-off; Climb; and the Cruise phases of flight of the UAV RQ-2 Pioneer. 


42. 





‘Take-off phase. Numerical simulations were conducted using a 
conventional NACA 4415 airfoil considered as the base airfoil and the modified airfoil as an 


airfoil with an intermediate step on the lower surface. Results obtained show that lift coefficients, 





are higher for the stepped airfoil than the base airfoil and the magnitude of the change in C, 
increased with increase in the angle of attack. On the other hand, the drag values are higher for 
the stepped airfoil, Based on the C, and C, values obtained for each of the cases, the take-off 


distance is calculated using the following formula: 


Sto = (1.44 Wo')/[B Pe S Cinas(T- (D+ 1,(WorL) )] (ay 


‘The thrust T was estimated from the rated power of the UAV per the technical 
specifications listed in the Table 4-1 and the average velocity during the take-off which was 
obtained by averaging the velocities corresponding to the Re’s of 0.6, 1.2, and 1.8 million 

‘occurring during the take-off phase. Also, the lift L and the drag D were computed using the 


average velocity occurring during the take-off phase. The minimum take-off distance for the base 


airfoil case is about 155m while for the stepped airfoil case it is about 127m. Hence the ratio of 
Srofor the stepped airfoil to the Sro for the base airfoil equals 0.82 which means the use of an 


intermediate step defined by Xs=0.5, Ls=0.5, Ds=0.5 yields an 18% reduction in the minimum 





take-off distance required as supported by the computational results discussed in the previous 
section, This reduction mainly results from the inerease in C; due to the step. With the rise in Cy 


there is an increase in the lift. Also, the L/D ratio computed from the lift and drag data for the 





stepped airfoil case is higher than that for the base airfoil case. 
Some simulations were run for cases at two intermediate Reynolds numbers lower than 
the value for lift-off, The two Reynolds numbers chosen are 0.6 and 1.2 million, while the 
maximum take-off Re is 1.8 million, Figure(s) 3-13 and 3-14 illustrate the AC, and L/D ratio plots 
for all the take-off cases, At the peak Re which is 1.8 million, the C, values just like the LID ratios 


for the s 





epped airfoil are higher than those for the base airfoil as shown in the figures. The trend 





is the same for the Re 1.2 million, When the Re is 0.6 million, the results obtained do not follow 
the same trend as that of the other cases, though the C; values are still higher than those for the 
base case at the same Re number. The L/D ratios for stepped airfoil cases are less than those for 


the base airfoil because of relatively higher drag. 


4.2.1.2, Climb phase. The conditions for the fastest climb/ maximum climb rate 
were assumed for the numerical investigation. The climb velocity at these conditions is 37.53 
m/s, The corresponding Reynolds number is 2.5 million. The climb angle is 9°, The angle of 
attack is 8°, ‘There is about 20% increase in the C; over the base airfoil as illustrated in Figure(s) 


3-15 and 3-16. Also the L/D ratio increases by 11%. 
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Cruise phase. The cruise Reynolds number is 1.7 million, the velocity 


being 24.93 m/s. The use of step yields about 34% higher C, than the base airfoil and the L/D 


0 





ratio increases by 3%. Figure(s) 3-11 and 3-12 show the AC, and L/D ratio plots for the cruise 


cease corresponding to 





2°. This increase in the L/D ratio yields about 20% increase in the 
endurance (E) of the UAV RQ-2 Pioneer with the use of stepped airfoil over the conventional 
NACA 4415 airfoil, The endurance of the UAV with a conventional NACA 4415 airfoil based 
wing is 5 hours. The ratio E spat ait! E tye snus WS Computed to be 1.2 meaning the endurance 
could be increased to about 6 hours or a 20% increase in the endurance could be obtained by 
employing the step on the lower surface. ‘The endurance and range calculations were made using 


the equation’s below: 


B= (aye)*(C.'/Cp)*(2p.8)"*W1 1 — Wo?) (42) 


R= (aye,)*(C/Co)*In WoW) (43) 


1 wwas assumed to be 0.8 for all the calculations while ¢, was assumed to be 2.27e-7 ft, Range 
was computed for both the base and stepped airfoil configurations. The ratio R supp aia / R nae 
sesai Was Calculated to be around 1.03 which means the activation of lower surface step during the 
‘cruise results in an increase of about 3% over the conventional NACA 4415 airfoil based wing 


originally used on the UAV Pioneer. 


4.2.2. Step Schedule. The step is activated as the airspeed approaches the value 
corresponding to a Re of 0.6 million during the take-off. Results obtained from simulations at 
higher Re occurring during climb and cruise phases of flight show that the step defined by 


Xs. 





5, Ls=0.5, Ds=0.5 produces better aerodynamic characteristics than the conventional 
NACA 4415 airfoil. Thus the step could be held activated during the flight regimes of climb and 
cruise, Similarly, it could be held activated during the descent and landing. Complementing the 
tise in C, and correspondingly the L/D ratios, there will be increase in the pitching moments 


which will also affect the performance of the airfoil configurations. The current study did not 


n 





of variation of the pitching moments which needs to be investigated. 


4.2.3. Application of Passive and Active Flow Control. The effect of using an air 
injecting jet into the step cavity was studied on a conventional flat faced step on the lower surface 
ofa NACA 4415 airfoil. Figure 3-17(b) shows the location of the jet placed on the bottom of the 
step for all the jet cases discussed in this study. Since cruise is the longest and the prime 
operational phase of reconnaissance planes, this study focuses on the cruise phase, Active flow 


control using jet was employed on the modified NACA 4415 airfoil configuration to enhance the 





aerodynamic performance of the stepped airfoil in the cruise regime. Any benefits yielded by the 
jet would also be applicable to other flight regimes based on the results discussed earlier in this 


case study. Table 3-2 enlists all the jet cases studied along with the associated jet parameters C , 





and Cy. Figure 3-25 shows the plots illustrating the aerodynamic characteristics of C;, Cy. and 
LD ratio for the various jet cases studied comparing them with the case of stepped airfoil without 
jet. The jet case for = 45°, and Cp = 0.01731 produces the best results with regard to the 

aerodynamic performance. This case gives about 7.5% increase in Cover the corresponding case 
without jet. Further, there is about 12% reduction in Cy, As a result, this jet case yields about 22% 


increase in the L/D ratio over its stepped counterpart without jet. To emphasize on the fact that 








the jet proves to be enhancing the aerodynamic performance, the results obtained here are 
enhancements over the stepped airfoil without jet which itself delivers enhancement of the L/D 
ratio over the conventional NACA 4415 airfoil, Getting back to the performance calculations, the 
endurance increases by about 26% due to the rise in the L/D ratio resulting from the employment 
Of jet in the step cavity over the stepped airfoil case without jet. Employment of jet in conjunction 
with step on the lower surface of a NACA 4415 airfoil used on the UAV RQ-2 Pioneer could 


possibly result in as much as 50% increase in the endurance over the case of the aircraft using the 


conventional NACA 4415 airfoil. With the use of jet, the range increases by about 5% over the 


stepped airfoil case without jet. This is a tremendous benefit to the aircraft in terms of the 


efficiency and could result in a huge money savings and considerable reduction in emissions. 


CONCLUSIONS AND OUTLOOK 





‘The results presented in this thesis constitute the next step towards understanding the 
effects of a step-induced vortex on the aerodynamic characteristics of a conventional NACA 4415 
airfoil for a range of Reynolds number's and angles of attack. This study takes on a relatively new 
family of airfoils which are yet to be researched extensively. The objective of the study was to 
enhance the aerodynamic performance of the stepped NACA 4415 airfoil for a chosen range of 
Reynolds numbers and angles of attack, following on the preliminary studies conducted on 
stepped airfoils in the past by other researchers from around the world. The airfoil with a 
backward facing step on the lower surface was shown to have the potential to enhance the 
aerodynamic characteristics by increasing the lift coefficients and lift-to-drag ratios considerably 
in most cases and substantially in some of the cases studied through this research. Use of jets was 


proved to be effective in enhancing the aerodynamic performance of stepped airfoils. 


Based on the results obtained by Stephen Witherspoon’ and Fathi Finaish (1996), the 
airfoil configuration with a step on the lower edge step located at mid-chord, with a step depth 
half of the mid-chord airfoil thickness and extending till the trailing edge was chosen as the 
common configuration for all the eases studied in this research effort. Special focus was placed 
‘on enhancing the aerodynamic performance of this stepped airfoil configuration with the 


application of active flow control using air injecting jet placed in the step cavity. 


Results obtained show that the lift coefficients were higher by as much as 37% for the 








best case among all the stepped airfoil cases studies in the range of a’s ie, a=2°, 4°, and 8° and 
the entire range of Reynolds number's i. Re = 0.6 million to 2.5 million. The application of 
active flow control proves to be effective in enhancing the lift of the stepped airfoils studied at Re 


= 1.7 million; a =2°. The lift coefficients were higher for all the jet cases, significantly high in 


4 


many jet cases and slightly high in some based on the setting of the jet parameters C, the jet angle 


and Vi, the jet velocity. The stepped airfoil case using jet with C= 45° and Cy = 0.01731 





corresponding to V; = 2U..produces the best results in terms of the aerodynamic performance 
enumerated by the values of L/D ratio of the modified NACA 4415 airfoil case with jet which are 
significantly higher than that obtained for the case of step without jet and other jet cases, though 
the maximum C, occurs at Cu = 0.01731 for ¢ = 30°. The contribution to the highest L/D ratio 
‘obtained in the jet case for ¢ = 45° comes from the reduction in C which is significanlty higher 
than in the jet case for C= 30° at the same Cy as compared with the Cy obtained in the case of 


step without jet 


Drag-coefficient data indicate that with the introduction of a step, drag increased, This 
observation is consistent in all the modified airfoil cases studied. The use of active flow control in 
the form of an air injecting jet in the step cavity of the modified airfoil configuration produces 


some promising results for the jet cases studied at Re = 





7 million; a = 2°, with higher benefits in 


terms of drag reduction over the stepped airfoil cases when compared with the drag data for the 





base airfoil cases. For jet cases formed by the combination of various ¢’s of 0°, 15°, 30°, and 45° 
Cy’s of 0.00027, 0.00108, 0.00243, 0.00433, 0.00974, and 0.01731 corresponding to V, = 
0.25U.., 0.5U., 0.75Uz, Us, 1.5U,, and 2U, respectively, the drag data obtained are either less 
than those of the case of step without jet or show little variation from those values. However, 
there is a reduction in drag by about 12% over the stepped airfoil in the step with jet case with jet 


parameters { = 45° and Cy = 0.01731 which is the case of interest in this study. 





‘The lift-to-drag ratios were higher for all the stepped airfoil cases studied except for the 





case of Re = 0.6 million at a= 4°, proving once again that a stepped airfoil is superior to a 
conventional NACA airfoil with regard to the aerodynamic performance. The lift to drag ratio is 


maximum for the case of Re = 2.5 million at a= 4°. Higher lift-to-drag ratios are obtained using 


jet in the step cavity for some of the cases studied at Re 





1.7 million; a= 2°. For the jet ease 


with ¢ 





30°, as the jet velocity is increased, the values obtained show little variation from that of 





the stepped airfoil case without jet. For the jet cases with (= 0° and 15°, the lift-to-drag ratios 
obtained by varying the jet velocity are lesser than the value for the case of step without jet in 
most of the cases studied. The case of interest is the jet set at 45° in which case the lift-to-drag 
ratios are considerably higher for most cases studied by varying the jet velocity. The best results 
are obtained for the case of {= 45° and Cy = 0.01731 which produces an L/D ratio which is about 
22% higher over the stepped airfoil case without jet that gives a value about 3% higher than the 
NACA 4415 considered as the base airfoil for all the cases studied in this research. As discussed 
carlier, the influence of the jet on the pitching moments due to the changes in the lift and drag 


needs to be investigated. 


Flow control is one of the most promising and the most sought after areas of research in 
the field of fluid mechanics and aerodynamics. Achieving an enhancement in the aerodynamic 
performance correlates to improving the overall efficiency of the aircraft as a significant amount 
of power could be saved due to the reduction in drag and / or increase in the lift resulting in huge 
fuel and money savings and most importantly reduced emissions. Future work in the direction of 
the current research with the application of flow control and the preliminary studies conducted on 
stepped airfoils in the past could possibly involve experimental investigation of a full-scale model 


of RQ-2 Pioneer using the modified NACA 4415 airfoil based wing; and further numerical and. 





experimental investigation towards the design, development and testing of feedback control based 


devices aimed at enhancing the aerodynamic performance of the modified airfoils with steps 


‘operational on the entire flight envelope designed for a particular mission, 
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Abstract 


A triple slotted aerofoil following the Handley Page 44F design was tested at City University London T- 
2 wind tunnel. The model allowed the study of a fixed triple slotted wing as well as investigation of the 
effects of isolated slots at different locations along the chord. PIV measurements were performed 
within the chord Reynolds number range in between approximately 200,000-400,000. The model was 
tested at an angle of attack of 22°. Measurements of mean streamwise velocity, velocity fluctuations 
and shear stress were analysed. The study shows how an isolated slot is more favourable when it is 
placed closest to the leading edge, although slow moving fluid regions can stil be found close to the 
trailing edge. Fully attached flow was only achievable by using all three slots. In addition, the fully 
slotted profile is shown to generate channel exit velocities in the order of 1.4U., which highly energise 
the boundary layer on the suction side. 


1 Introduction 


Flow control is employed to improve the aerodynamic performance of aircrafts’ wings. It can be 
realised via the use of auxiliary aerofoils (Chen (1]), boundary layer injectionsuction (Shojaerfard, et a! 
[2}) or vortex generators (Johnston (3}). Studies on auxiliary aerofoils (Lachman [4], Handley Page [5], 
Wenzinger, C., et al [6]) culminated in the development of high-lit systems (HLSs), namely slats and 
flaps, which ate currently used in most commercial passenger airliners. The deployment of these 
auxiliary aerotoils changes the overall wing geometry and the pressure distribution on the constituent 
elements resulting in increased lift coefficient, Ci (at a price of increased drag). In addition, the 
convergent shape of the channel formed between the slatiflap and the subsequent aerofoil makes use 
of the pressure differential to drive and accelerate the passing air, which is shown to be beneficial for 
the flow development as it contributes for attached flow and thus prevents separation (van Dam, C.P. 

[7)). A large amount of work with respect to the common HLS is present in the literature (Chen [1], van 
Dam, C.P. [7)). With regards to the deployable slat, not only its geometry and positioning of the latter 
in relation to the main aerofoil is of importance, but also when deployed, the events taking place in the 
cove region necessary to allow these HLSs to be retracted. These complex highly recirculating flow 
regions result in a high-noise signature and also present a challenge for flow simulation, which results 
in difficulties in multi-element aerofoil modelling (Olson, L., et al 8], Tung, C., ef al {9}, Savory, E. et al 
[10)). Moreover, complex mechanical actuators need to be designed and implemented to allow 
deployment. The fixed leading edge slat, however, has the benefit of requiring neither a cove region 
‘nor a mechanical actuator, while positively contributing to the flow development due to the above cited 
reasons. In addition, Katzmayr and Kirste [4] concluded that generally an auxiliary fixed HLS produces 
better results than a retractable slat because of the lack of the cove region. 

Recently, the interest in a fixed leading edge slot has grown due to its potential application for wind 
turbines, as it has been demonstrated efficient in both preventing flow separation and increasing the 
overall aerodynamic efficiency (Ashworth [12], Weick [13]. Also, modemn flow field analysis of this type 
of configurations are lacking in the literature as a means to further understand the behaviour of the 
flow aver such aerotoils 

Therefore, the present investigation was intended to determine the effect of the fixed leading edge slot 
on the flow field and to observe the correlation between slot location and separation reduction over an 
aerofoil at a high angle of attack by means of digital ow field capture. Three different slot locations, 
along the chord are investigated in this study. In addition, the flow field around a triple slotted wing is 
visualised to understand the impact of the slots. 


2- Experimental facility and details 


The slotted aerofoll under investigation follows the design of Handley Page. This was achievable, 
thanks to the kind support of the HP foundation, which agreed on make the original model available to 
City University. A sketch of the model can be seen in figure 1 
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Figure 1. Geometry of the HP 44F triple slotted aerotal. 


The model comprises one major section and three smaller front aerofoils ‘main’ and 1, 2 and 3 
respectively in figure 1). Hence, three leading edge slots /, J, K are formed throughout the whole span 
of 500mm. The chord of the aerofoil is c=153.8 mm in length; where the chord ¢,,of the main aerofoil 
is 84.6mm (0.55 x/e) and the geometric characteristics of the slots can be found in table 1. 

















Slot Inlet Bit TnlevExit Exit location 
(wo) tc) Ratio (xe) 
T 0.123 0.016 [XA 0.24 
J O.117 0.017 69:1 0.36 
K 0.147 0.013 1134 05 




















Table 1 ~ Geametric characteristics of the experimental model. 


The channel inlet dimensions are taken from the points were the slotted aerofoil deviates from the 
solid contour and the exit dimensions are aligned with the exit orientation (as shown in figure 1). 

‘The experiments were performed in the T-2 wind tunnel at City University London. The test section of 
the latter measures 1.12 m x 0.81 m x 1.78 m and the freestream turbulence intensity is <0.8%, which 
is deemed appropriate for the current experiment. The tunnel was operated at 20 m/s, 30m/s and 40, 
mis resulting in a Reynolds number Re- in the range of 200,000-400,000. 

In this study, we use x, y, 2 to indicate the streamwise, wall-normal and spanwise directions. Mean 
velocity along this axis is indicated by U, V, W, while fluctuating components are denoted as U,V’, W’. 
In order to generate substantial flow recirculation over the suction side of the aerofoil, the model is 
installed at an angle of attack (AA) of 22 degrees. Particle Image Velocimetry (PIV) is employed to 
capture velocity fields. The experimental setup with the aerofoil model, laser sheet and camera are 
shown in figure 2 
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Figure 2. Schematic of experimental setup. AOA 222 


The aerofoil was mounted horizontally in the centre of the test section and supported by Perspex 
plates to supress any 3D flow effects. To prevent deflection of the constituent aerotoils under load, 
small plastic clips were used to support them in the centre. The present aerofail allows the study on 
the slots location effect through opening/closing individual sections. The examined cases are shown in 
figure 3. 
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Figure 3. Studied configurations (a) sold (b) slot 1 open (c) slot 2 open (d) slot 3 open (e) triple or fully sitted. 





‘A Phantom M310 CMOS high-speed camera with a resolution of 1280x800 pixels’, equipped with a 
Nikon 100 mm lens was used for particle imaging. A Litron LDY300 series dual-pulsed laser was used 
to illuminate the particles. A periscopic laser beam delivery arm with a combination of optics was used 
to form the laser sheet and to direct it into the wind tunnel test section through the bottom wall, which 
offers optical access. A Laskin 9307-6 oil droplet generator was used to generate seeding particles 
(olive oil), which have a nominal diameter of approximately 1 um. A high-speed synchroniser (TS! 
610036) was used to trigger the camera and the laser. 

A 1000 frame set was acquired for each configuration to promote converging statistics. Each image 
pair was captured with a time interval between 5 us and 15 yis depending on the flow velocity. 

Given the limitations in optics and camera availabilty, it was necessary to join two or more field of 
views (FOVs) to obtain the entire flow field around the region of interest. in addition, the camera had to 
be moved for each configuration, which resulted in slightly different resolved FOV for each case. 
These factors resulted in different unresolved regions, as it becomes apparent in subsequent figures. 
‘The FOVs used for the different configurations can be seen in figure 4. 
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Figure 4. Field of view (FOVs) for (a) solid (b) slot 1 open (c) slot 2 open (d) slot 3 open (2) slotied cases. 


TSI InSight 4G software was used to capture the images and generate the vector fields. Image pre- 
processing entailed the subtraction of minimum intensity background noise. Spurious vectors 
generated by laser light reflection, low seeding density, etc. were removed and replaced by statistical 
generated vectors. 


3~ Results and discussion 


Section 3.1 discusses contours of mean velocity fields, which allowed comparison of the behaviour of 
the flow in the presence and absence of the slots. Section 3.2 considers the mean velocity 
fluctuations, while section 3.3 contains contours of the shear stress. Instantaneous velocity fields are 
analysed in section 8.4, which aids to visualise the flow patterns emerging from the slots. 


3.1 - Mean velocity fields 


Figure 5 shows the flow features of the solid aerofoil (slots closed), here taken as benchmark case. At 
the chosen angle of attack (22 degrees) this case is not able to sustain attached flow aver the suction 
side and significant flow separation is observed. The same behaviour was observed at all tested 
velocities. The overlaid velocity vector field (in white) aids visualising the recirculation bubble. This is 
centred close to the aerofoil trailing edge and has height of 0.3¢ with reversed flow up to a magnitude 
of 0.2 U... Moreover, the onset of separation is rather early, in correspondence of what would be the 
location of the first slot (see figure 6(a) for comparison), 
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Figure 8. Contour of time-averaged streamwise velocity component L/U. 
‘at AoA=22" for solid aerofoil; U-=40 m/s 
Velocity vectors are visualized by white arrows. 


Figure 6 shows mean velacity contours for the remaining test cases. 
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Figure 8. Contour of time-averaged streamwise velocity component U/U. at AoA=22' for 
(a) slot 1 open (b) slot 2 open (c) slot 3 open (A) slotted: U-=40 mis 





Opening of the first leading edge siot is expected to alleviate flow separation, as a high-momentum jet 
should entrain the external flow. It is shown in figure 6(a) that this high-momentum flow re-energises, 
the boundary layer, resulting in reducing the large-scale separation, when compared to previous case 
in figure 5. It is apparent that the boundary layer re-develops after the first slot and remains attached 
for the most part of the upper surface, despite the existence of a small packet containing reversed flow 
at the trailing edge. However, the re-developed boundary layer is not able to fully overcome the large 
turning angle and only has velocity magnitude of 0.2U. at the trailing edge. This could lead to 
nsteadiness and flow separation if adverse pressure gradient is further encountered or the AOA is 
slightly increased. Further, when tested at 20 m/s, this configuration revealed separated flow at the 
trailing edge, however this result is here omitted, 


Figure 6(b) shows the effect of opening the second slot, which causes the development of attached 
flow over the trailing element with small high-velocity packets exiting the slot. A small separation 
bubble of height 0.05¢ can be seen in the upper surface prior to the slot exit before re-attachment is, 
achieved. Although the slot contributes to keeping the flow attached in the region near the slot exit, the 
instantaneous flow field suggests further separation at the trailing edge under this configuration 
{although not shown here for the sake of brevity). 


The effect of opening the third slot is shown in figure 6(c). It is clear that this position is not able to 
contribute to an attached flow. The flow remains separated although the velocity of the flow adjacent 
to the trailing element is seen to increase to 0.2U.. This could denote instabilities caused by the 
interaction of the recirculating flow and the flow exiting the channel 


Utilisation of the remaining two siots, namely slots 1 and 2 in figure 1, further improves the flow quality, 
as more high-momentum flow is entrained. The resulted flow field in the triple slotted configuration is, 
shown in figure 6(d). The downstream flow velocity increases further to 0.7U.. close to the trailing 
edge. Moreover, high velocity is injected within the boundary layer and persists over a larger portion of 
the aerofoil. The siot jet has much more impact on the flow field, and the energised region is more 
apparent than that in flow when only one slot was open (figure 6(a)). To summarise, multiple siots are 
beneficial in consolidating the control outcome and the sole use of one slot (irrespective of its location) 
is shown not to fully succeed in keeping the flow attached. However, it is clear that the further 
upstream a single slot is located, the more beneficial its effect is. This is in accordance with the result 
from Weick and Shortal [13] on the Clark ¥ wing. 


3.2- Mean fluctuating fields 


Figure 7 shows mean fluctuations of streamwise velocity for the solid case. These have peak values 
over 0.4U. for Re.=4x10°. This is in accordance with unsteadiness within the large separation region 
observed in the mean velocity contours in figure 5. 





Figure 7. Contour of time-averaged streamwise normalised velocity fluctuation U/U- at 
AoA=22 for solid aerotoil 


Similar analysis is carried out for the slotted cases and it is presented in figure 8. Under the same 
conditions, the cases where the second and third slots are open (Figure 8(b)(c)) also experience high 
velocity fluctuations (of the order of 0.25U.) although these clearly diminish after the slot exit 
Nevertheless, these two cases are characterised by separated flow close to the trailing edge. The 
velocity fields suggest that the further upstream the slot is located, the smaller the unstable flow region 
becomes. Opening of the first slot (in Figure 8(a)) removes instabilities at the leading edge and 
achieves attached flow. The fluctuations closer to the trailing edge move further away from the surface 
and when the model is fully slotted (Figure 8(d)) these instabilities become yet less severe. The 
maximum mean fluctuating magnitude sits close to 0.2U. for the slotted case (Figure 8(d)) compared 
to a maximum of 0.25 U.for the case where the first slot is open (figure 8(a)). This suggests attached 
flow throughout the upper surface for the fully slotted configuration. 
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Figure 8. Contour of time-averaged streamwise normalised velocity fluctuation U/U- at 
‘AoA=22" for (a) slot 1 open (b) slot 2 open (c) slot 3 open (d) slotted: U.=40 mvs. 


3.3 - Shear stress fields 


At each slot exit, a shear layer develops in between the channel flow and its surroundings due to the 
velocity differences. To examine the extent of the latter, shear flow fields are presented. The shear 
layer between the flow originating from the jets and the freestream can be seen becoming thinner as 
the location of the slot is moved towards the leading edge. The shear layer developed with, slot 3 
open, seen in figure 9(a) is that of a separated flow and reaches magnitude of 3x10" U'V/U.". With 
slot 2 open, a considerable reduction of the shear layer extent and magnitude is visible in figure 9(b). 
In addition, small packets of positive shear are seen close to the slot exit, which indicate the 
interference of the external flow with the flow exiting the slot 


Figure 9. Contour of time-averaged normalised shear stress U'VV/U.? at 
‘AoA=22* for (a) slot 3 open (b) slot 2 open; U.=40 mis 


Figure 10 shows the shear stress distribution for the cases where the first slot is open and for the fully 
slotted case in (a) and (b) respectively. These are plotted separately from the remaining cases due to 
the large difference in shear stress magnitudes observed 

A decrease of 50% in the maximum shear stress is observed upon opening of the first slot, as shown 
in figure 10a). In addition, the shear layer seems to develop close to the trailing edge, in contrast with 
the cases where the slots were located further downstream, that originated a large shear region close 
to the leading edge. Employment of all three slots further decreases the shear stresses and only a thin 
shear layer, far from the aerofoil surface, is visible (Figure 10(b)). Moreover, the maximum shear 
stress is reduced by 30% when compared to the case where the first slot is open in (a). These findings 
show the favourable impact of implementing a fully slotted configuration where there is a much higher 
momentum transfer to the top surface keeping the flow attached. 


Figure 10. Contour of time-averaged normalized shear stress UVU-" at 
AoA=22 for (a) slat 1 open (b) slotted: U.=40 mis. 


3.4- Instantaneous flow fields 


it has been shown so far that the jets exiting the channels are responsible for reattaching the flow at 
the trailing edge of the airfoil. To further explore this matter, instantaneous velocity fields are 
investigated, in the hope of offering further support to this hypothesis. The case where the second slot 
is open is depicted in figure 11, showing three consecutive snapshots (a), (b) and (c) to aid 
Visualisation of the flow evolution along the chord. In this case, a separated flow region can be seen 


on the upper surface just before the channel exit, being accelerated to 0.7U- aft the channel exit. This 
causes the development of a new boundary layer at the trailing element and also the softening of the 
shear layer upstream. Further analysis of instantaneous velocity in this configuration shows the 
development of high fluctuations and vortical structures close to the trailing edge, which suggest 
further separation at that region, despite the beneficial effects of the slot 
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Figure 1 1. Contour of streamwise instantaneous velocity component U/U- 
at AoA=22" for slot 2 open U.=40 mis. 





Similarly, the three consecutive snapshots shown in figure 12 show the evolution of the flow field when 
the first slot is open. Slow moving fluid is seen close to the trailing edge and a large unstable region is 
found there, in accordance to findings shown in section 3.2. Small packets of fluid at velocity U. are 
seen exiting the channel and contributing to reduce the low-momentum region downstream. 
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Figure 12 Contour of streamwise instantaneous velacity component U/L. 
‘at AoA=22" for slat 1 open aerofoil U==40 mis. 





Instantaneous velocity contours for the triple slotted case are shown in figure 13. These suggest a 
steady behaviour of the flow on the upper surface. The slots channels are seen to output flow at a 
velocity up to 1.4U., which energises the fluid in the suction side. Flow deceleration is seen close to 
the trailing edge, although the boundary layer is still attached. This is in accordance to the shear layer 
developed in this configuration (as shown in figure 10(b)). This configuration exhibits the same 
behaviour at all the tested Reynolds numbers, which speaks for the consistency of the results. 


Figure 13 - Contour of streamwise instantaneous velocity component U/U- 
at AoA=22' for slotted aerofoll U-=40 mis. 


The slot exit velocity is seen to be higher for the slotted case when compared to the exit velocity when 
only one slot is opened. Hence, utilisation of all slots is shown to be the most favourable configuration 
to fully suppress flow separation. An interesting point is that the exit velocity at the first slot differs 
When subsequent slots are used. Also, we must recall the work of Lungstrom [11], who states that the 
gap between the slat and the main aerofoil must not be smaller than 2% chord to obtain favourable 


results, and the work of Abbot and Von Doenhoff [14], who suggest that the optimum slot opening is in 
the order of 1% chord or slightly higher for flaps. In this experiment, the exit dimensions of 1.6%, 1 
and 1.3% chord are shown to successfully energise the boundary layer despite that any variation to 
these parameters could not be investigated. In addition, for an isolated slot case, the channel exit 
velocity is seen to progressively decrease, as the channel is placed downstream. Again, this entails 
that the slot becomes more favourable as it is placed closer to the leading edge, in accordance with 
the work of Weick [13] on the slotted Clark Y wing. It is also shown in this work, however, that slots 
located further downstream are favourable, especially those located in the region 0.75-0.8c. 





4— Conclusions and further work 


Wind tunnel experiments were performed to study control separation on a triple slotted aerotoil. These 
revealed the positive outcome of leading edge slots in doing so through PIV measurements, 


In the present work, jet velocity at the siot outlet reaches values up to 1.4U. and is capable of locally 
re-energising the boundary layer in the fully slotted configuration. When only one of the siots is used, 
the channel exit velocity is seen to reduce as the channel is progressively placed downstream, 
although a relationship between the slot position and effect on exit velocity showed no clear trends. 
For the case of the first slot open, the exit velocity was seen to be of the order of U. and for the case 
of slot 2 open, the exit velocity was measured to be 0.7U.. This discrepancy is seen to have impact on 
the overall flow field given that, as a result, the region of separated flow is seen to grow. Flow 
separation can be prevented using solely the first slot, however, relatively low speed is still present in 
the flow field, which suggests that the flow is bound to separate due to unsteadiness. Nevertheless, 
this study concludes that upon using only one slot, the most beneficial location is that closest to the 
leading edge. Improved control, achieved by using all three slots, results in total separation 
suppression. Only this configuration withstands the pressure gradients characterising the model 
guaranteeing a fully attached flow. 


Despite the exit velocity for the slotted case being the same for all channels (i.e. 1.4U.), additional 
studies considering opening of slots / and J, as well as /and K could shed more light into the influence 
of consecutive slots and the chord-wise distance between them. Further study on the aerodynamic 
performance of the cases presented herein via the use of a 6-component force balance is also 
scheduled in order to link the flow physics to the aerodynamic loads. 
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Abstract 


‘An extremely simple CFD too is used to compare the calm-water drags ofa series of hull forms and to define ‘optimized! monobull ships 
for which the total (friction + wave) calm-water drag is ed. The friction drag is estimated using the classical ITTC formula. The 
wave drag is predicted using the zeroth-order slender-ship approximation, Comparisons of theoretical predictions and experimental measure- 
‘ments fora series of eight hull forms show that—despite the extreme simplicity of the method that is used hereto estimate the friction drag 
‘and the wave drag—the method is able to rank the drags ofa series of hull forms roughly in accordance with experimental measurements. 
‘Thus, the method may be used, with appropriate caution, a a practical hull form design and optimization tool, For purposes of illustration, 
‘optimized hull forms that have the same displacement and waterplane transverse moment of inertia as the classical Wigley hull, taken as 
initial hull in the optimization process, are determined for three speeds and for a speed range. © 2002 Published by Elsevier Science Lid. 
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1. Introduction 


Although CFD-based hull form optimization is not 
routinely used for ship design, a significant number of 
applications of CFD tools to hydrodynamic optimiza- 
tion—mostly for reducing calm-water drag and wave 
ppatterns—attest to a growing interest in hydrodynamic opti- 
mization. This growing interest in hydrodynamic optimiza- 
tion is a useful development because—in principle—ship 
design implies optimization, e.g. minimization of a func- 
tional that appropriately weighs payload, ship speed, 
motions, and calm-water drag. 

Optimization of a ship hull form involves a number of 
nontrivial issues, including selection of an appropriate 
objective function, choice of optimization scheme, geo- 
metrical representation of hull surface and choice of 
related design variables and constraints, selection of a 
practical and robust CFD tool to evaluate the objective 
function, and decision to perform optimization for 
single-point design or for multiple-point design, e.g. for 
a single ship speed or for a range of speeds. These basic 
issues involved in hull form optimization have been 
addressed in various ways in the literature, and are now 
briefly considered in turn. 

Regarding objective functions, itis well understood that 
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hydrodynamic optimization needs to take into account a 
‘number of requirements, including speed, calm-water 
‘drag, motions and loads, and other considerations like 
payload, propulsion, and wakes. In particular, an integrated 
approach that simultaneously considers motions and calm- 
‘water drag should be used because minimization of ship 
motions without regard to drag, or of drag without regard 
to seakeeping characteristics, can lead to unacceptable 
designs. However, the much simpler task of minimizing 
objective functions associated with calm-water flow 
features (wave resistance or total drag, and/or wave 
ppatterns) is considered in all the CFD applications to hull 
form optimization that are listed further on, and in the 
present study as well 

Several optimization algorithms have been used in the 
literature. Three algorithms (steepest descent, conjugate 
‘gradient, sequential quadratic programming) are con- 
sidered in Ref. [1], and genetic algorithm. techniques 
are used in Refs. [2,3]. A hybrid method based on 
coupling of a genetic algorithm and a hill-climbing tech- 
nique is used in Ref. [4]. Alternative ways, noted in Ref. 
[1], of representing the hull surface modifications that are 
required in a hull form optimization procedure have been 
employed. 

With regard to CFD tools, both extremely simple tools— 
Michell’s thin-ship approximation and the slender-ship 
approximation given in Ref. [5]—and more sophisticated 
tools—potential-flow panel methods based on Rankine 
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sources and RANS-based viscous-flow  methods—have 
been used. 

‘Thin-ship theory is used in Refs. [3,6~12,33]. The hull 
form optimization results reported in Refs. [13-15], are 
‘based on the slender-ship approximation. Ref. [16] relies 
‘on the slender-ship approximation and the Fourier~Kochin 
flow representation given in Refs. [17,18] 

‘A combination of a Rankine-source panel method and 
simpler prediction tools are used in Ref. [1] to speed up 
the optimization procedure. Refs. [1,2,9,19-22], use 
ppotential-flow panel methods based on Rankine sources. 
RANS-based viscous-flow methods are used in Refs 
[23-26]. A combination of flow solvers based on potential 
flow, viscous boundary layer, and RANS is used in Ref. 
(27. 

‘The usefulness of many currently-available CFD tools 
for routine applications to hydrodynamic optimization is 
restricted by various factors. In particular, some CFD 
tools can only be used within a limited range of ship 
speed and/or wave frequency. Other tools require highly 
structured discretizations of the ship hull and the free 
surface (and even the fluid domain), and may indeed 
fail to provide reliable results unless a discretization 
that satisfies stringent requirements is used. Lack of 
versatility (due to limited range of applicability) or 
robustness, preprocessing discretization requirements 
that are overly time consuming (and hence too expen- 
sive for routine applications), excessive computational 
requirements, and need for highly-experienced expert 
users are factors that can seriously restrict the practical 
usefulness of a CFD tool for routine practical 
applications to ship hull form design and, especially, 
‘optimization 

‘Thus, an extremely simple CFD tool is used in this study 
to estimate the total (friction + wave) calm-water drag of a 
ship. Specifically, the friction drag is evaluated using the 
ITTC 1957 model-ship correlation line formula. The 
calm-water wave drag is estimated using the zeroth-order 
slender-ship approximation given in Refs. [5,18] because 
the exceptional simplicity of this calculation method (no 
nearfield-flow calculations are required) renders it ideally 
suited for optimization (a one-speed wave drag calculation 
for a ship hull represented by 8000 panels requires less than 
1s on a gigahertz computer). 

‘This method is used to compare the drags of eight 
‘hull forms in the series of hull forms analyzed in Refs. 
[28,29] within the mid-term sealift ship technology 
development program. Comparisons of theoretical calcu- 
lations and experimental measurements of drag for this 
series of eight hull forms show that—despite the 
extreme simplicity of the method used here to estimate 
the friction drag and the wave drag—the method is able 
to rank the drags of the variant hull forms roughly in 
agreement with experimental measurements. These 
results—and those reported in Refs. [14—16]—indicate 
that rough approximations to the friction drag and the 


wave drag may be used, with appropriate caution, as a 
practical hull form optimization tool. Indeed, the 
method is used to determine optimized hull forms that 
hhave the same displacement and water-plane transverse 
moment of inertia as the classical Wigley hull, which is 
taken as initial hull in the optimization process for 
‘purposes of illustration. 

‘The studies previously published in the literature on 
hydrodynamic optimization of ship hull forms only 
consider optimization for a single ship speed. The 
present study presents both hull forms optimized for a 
single speed (point optimization) and hull forms opti- 
mized for several speeds (multi-point optimization). In 
fact, a main conclusion of the study is that optimization 
within a speed-range (multi-point optimization) is much 
preferable to single-speed optimization, which appears 
to yield highly-tuned optimized hull forms that perform 
well only within a fairly narrow speed range centered at 
the optimization speed. 


2. A series of eight hull forms 


A series of eight hull forms is considered in this study. 
‘These hull forms, previously analyzed in Refs. [28,29] 
‘within the mid-term sealift ship technology development 
program, are variants of the baseline hull form that is 
depicted in Fig. 1 and is identified as DTMB model 5501 
in Refs. [28,29]. The other seven hull forms are identical to 
the baseline hull form shown in Fig. 1 except for the shape 
‘of the bow bulb and/or skeg. 

‘The baseline bulb and six bulb variants are shown in Figs 
1 and 2, respectively. The seven bows consist of the (elip- 
tical) baseline bulb shown in Fig. 1, four nabla-type bulbs, a 
producible bulb (aso elliptical), and a no-bulb bow. The 
baseline skeg and a producible skeg variant are depicted 
in Fig. 3. 

‘The series of eight hulls that is considered in this study 
are identical except for the shapes of the bow bulb and/or 
skeg. The series consists of the following bulb and skeg 
combinations: 








BULB SKEG 
baseline baseline 
no bulb baseline 
nabla 1 baseline 
nabla 2 baseline 
rpabla 3 baseline 
producible baseline 
baseline producible 
abla 6 producible 





‘These eight bulb/skeg combinations are compared in six 
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Baseline bulb and baseline ¢ 
/ "ums o0oparae 


Baseline bula 
32000 panels 








Fig. L. Baseline bull 


‘hull-to-hull comparisons. Specifically, the baseline-bulb/ 
‘baseline-skeg hull is compared to the five hulls 








BULB SKEG IDENTIFIER 
no bulb baseline no bulb 
abla 1 baseline nabla 1 

nabla 2 baseline abla 2 
abla 3 baseline abla 3 
producible baseline producible 





and the baseline-bulb/producible-skeg hull is compared 
to the bull 





BULB SKEG IDENTIFIER 





nabla 6 producible nabla 6 





‘The six hull-to-hull comparisons are referred to in the 
remainder of this paper by the identifies listed in the tables 
(no bulb, nabla 1, nabla 2, nabla 3, producible, nabla 6). 


3, Experimental drag 


‘The drag D of a ship advancing at constant speed U along 
a straight path in calm-water is expressed as 


2D = pU°SC, = pL (ia) 


‘where p is the water density, $* is the wetted-hull surface 
area, Le i8 a reference length (typically the length of the 
ship), and Cy and C’, are nondimensional drag coefficients. 
We have 


Cy = CrS* Is (ab) 


‘Models of the eight variant hull forms have been tested in 
the DTMB tow tank at model-scale speeds corresponding to 
full-scale speeds in the range of 10-26 knots. The model- 
scale ratio for the 635 ft Strategic Sealift Ship is A= 
32.495. The ship models were free to pitch, heave and roll 
in these resistance tests, but were restrained in surge, sway 
and yaw. Further information about the resistance tests may 
bbe found in Refs. [28,29] 

‘The results of the model tests reported in Refs. [28,29] are 
summarized in Fig. 4, which depicts the experimental drag 
coefiicient 


GP = (Cu + CS Lee Q 


40 ‘Percival et al. Applied Ocean Research 23 (2001) 337-355 








abla 1 Bub 















abla 6 Bula 


eS 


Se 


Se Sy 
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for the eight hull forms as a function of the Froude number 
F = Ulyfeog in the range 
0.16 <F <031 


‘The reference length Ly is taken as the length (between 
perpendicular) of the ship models, and g stands for the 
acceleration of gravity. Cy in Eq. (2) is the residuary-drag 
cocffcient—reported in Refs. [28,29]—and the fiction 
coefiicient Cris given by the ITTC 1957 model-ship corre- 
lation line formula 


Cp = 0.075/flogio(R.) — 2P @) 
‘where R, is the Reynolds number of the full-scale ship. 

Fig. 4 shows that differences among the drags of the six 
bulbous-bow models are relatively small, and that the no- 
‘bulb model has a significantly larger drag (except at low 
speed) than the six bulbous-bow models. Thus, Fig. 4 





‘provides experimental confirmation of the well-established 
advantage of bulbous-bow ships. 


4, Theoretical estimation of drag 


‘The experimental drag coefficient C#* given by Eq. 2) 
is compared inthis study to the theoretical drag 


C8 = Cy + CSE, ® 


‘The wave drag coefficient Cy is evaluated using the 
Havelock formula 


ov = a = 2°, [8 +s] 3) 


for the wave drag Rw associated with the energy radiated via 
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the farfield waves. Here, 


1 u 
= ty with P= 
oF Velo 
Furthermore, the wavenumber « in Eq. (5a) is defined in 
terms of the Fourier variable Bas 


Kp=wt eee (6) 


‘S, and S,are the real and imaginary parts of the farfield wave 
spectrum function $ = S(a, 8) where ais defined in terms 
of the Fourier variable Bas 


2B) = VBE (5d) 
‘This relation and expression (Se) for the wavenumber 
Joe + BP follow from the dispersion relation Fa? = x for 
steady ship waves, 

‘The Fourier-Kochin representation of farfield waves 
given in Refs. [17,18] defines the wave spectrum function 
(Sin the Havelock formula (5a) in terms of the disturbance 
velocity i at the mean wetted hull surface. The disturbance 
‘velocity i at the ship hull can be evaluated using various 
‘computational methods. A simple, practical method is the 
slender-ship approximation given in Ref. [5] and summar- 
ized in Ref. [18]. This theory provides a remarkably simple 
explicit approximation to the velocity Z, and hence to the 
‘wave spectrum function S, that is defined directly in terms of 
the ship speed and the hull geometry. 
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Fig. 5. Computed resistance fora serie of eight lls 


‘An even simpler approximation to the spectrum func- 
tion is the zeroth-order slender-ship approximation. This 
approximation to the farfield wave spectrum function corre- 
sponds to the trivial approximation ii = 0 for the nearfield 
disturbance velocity. The corresponding approximation to 
the wave spectrum function, given in Refs. [5,18], is 





s=f we rset Baa + | (nse PAL (6a) 
: r 


Here, dA and dL. stand for the differential elements of area 
and arc length of the mean wetted hull surface ¥ and the 
mean waterline I’, and 


(69,2) = OLY, Zee 


‘The x axis is taken along the path of the ship and points 
toward the ship bow (ie. the ship advances in the direction 
of the positive x axis), the z axis is vertical and points 
‘upward, and the mean free surface is the plane z=0. 
Furthermore, n* and ?” are the x and y components of the 
unit vectors 


(6) 








77,0) (6) 


normal to the ship hull surface 2 and tangent to the ship 
‘waterline I’; fi points inside the mean flow domain (ic. 
‘outside the ship) and is oriented clockwise (looking down), 

‘Thus, the wave spectrum function Sin the Havelock 
formula (Sa) for the wave drag is defined explicitly in 
terms of the ship speed and the hull form in the zerath- 
‘order slender-ship approximation (6a). The exceptional 
simplicity of this approximation to the wave spectrum 





function (no nearfield-flow calculations are required) 
render it ideally suited fr bull form optimization. 

The zeroth-order slender-ship approximation (6a) may 
bbe regarded as a generalization of the classical Michell 
thin-ship approximation 
ste j. at ettmaa o 

3 

Both the thn-ship approximation (7) and the zeroth-order 
slender-ship approximation (6a) involve simple distuibu- 
tions of elementary wave functions, with strength equal to 
1, over the ship bul. The major difference between the two 
approximation is that the wave functions are distributed 
‘over the ship centerplane y = O in the thin-ship approxima- 
tion, while they aze distributed onthe actual hull surface in 
the slendership approximation, Thus, the shape of a ship 
‘hull is mostly accounted for by means of the strength n° of 
the wave distibution in the thin-ship approximation, while 
the slender-ship approximation accounts forthe bull shape 
via both the strength ofthe wave distribution and the loca- 
tion of the distribution, which is over the actual ship bull 
instead of over th ship centerplane, Thus, the slender-ship 
approximation may be expected to provide a more realistic 
account of hull form than the thin-ship approximation 

Figs. 1-3 show the panelzations used to represent the 
cight hull forms for the calculation of the wave spectrum 
function given by Eq. (6). Approximately 8000 unstructured 
flat wiangular panels have been used in these calculations 
The theoretical drag C2" is depicted in Fig. forthe cight 
hull forms in the range 0.16 < F < 0.3 

Figs. 4 and § show that the theoretical and experimental 
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drags differ significantly, as might be expected in view of 
the extreme simplifications embodied in the ITTC friction 
drag formula and the zeroth-order slender-ship wave drag 
approximation. However, the question that is under con- 
sideration here—and is in fact most relevant for practical 
applications to hull form design and optimization—is 
‘whether a method based on the ITC friction drag formula 
and the zeroth-order slender-ship wave drag approximation 
might be able, despite its extreme simplicity, to rank the 
drags of a series of hull forms in approximate agreement 
with experimental measurements. 

In fact, the theoretical and experimental results shown in 
Figs. 4 and 5 may immediately be seen to agree in two 
notable respects: both Figs. 4 and 5 indicate that (i) differ- 
‘ences among the drags of the six bulbous-bow models are 
relatively small, especially at high speed, and (il) the no- 
‘bulb model has a significantly larger drag than the six 
bulbous-bow models, except at low speed. Thus, Figs. 4 
and 5 provide both experimental and theoretical confirma- 
tion of the well-known usefulness of bulbs for reducing 
drag. The theoretical and experimental results depicted in 
Figs. 4 and 5 are now analyzed further. 


5. Theoretical and experimental comparison of series of 
hulls 


Fig. 6 provides a comparison of both the experimental 
rag coefficient C$ and the theoretical drag coefiient 
C#° forthe cight hulls in the series defined in Figs. 1-3. 
Fig. 6 shows that, although large differences exist among 
the theoretical and experimental drag coefficients as already 
noted from Figs. 4 and 5, theoretical and experimental 
results are in agreement in several notable respects 


(@ Both the theoretical and experimental results shown in 
the upper left comer of Fig. 6 indicate that the no-bull 
hhll has a significantly larger drag than the baseline ll 
lover the entre speed range 

(Gi) Both the theoretical and experimental results in the 
lower left corner indicate that the modified baseline hull 
(baseline bulb with producible skeg) has an appreciably 
Jarger drag than the nabla 6 hull (nabla 6 bulb with pro- 
dcible skeg), except at low speed 

(Gil) Both the theoretical and experimental results in the 
right column show that the baseline bulb yields a larger 
drag than the producible bulb and the nabla 2 and nabla 3 
bulbs in the high-speed range, while the opposite holds in 
the low-speed range 

(Gv) The center of the left column also shows agreement 
between the theoretical and experimental results for the 
base hull and the nabla 1 hull, which are essentially 
comparable although the theory indicates thatthe nabla 
1 hull has a slightly larger drag than the base hull) 


‘Thus, the hull-to-hull comparisons shown in Fig. 6 


indicate that, despite their extreme simplices, the ITTC 
fiction drag formula and the zeroth-order slender-ship 
wave drag approximation appear to be able to rank the 
drags of series of variant bul forms in approximate agree- 
ment with experimental measurements. 

"The procedure used in Fig. 6, based on visual comparison 
ofthe (theoretical or experimental) drag curves of altera- 
tive hull forms, necessarily involves some degree of subjec- 
tivity. A complementary way of comparing the drag curves 
of two alternative hull forms, say hull A and hull B, consists 
in defining a ranking coefficient r 4 as 


DA(er-e) 


Fa(+e)e 





n ®) 





‘This ranking criterion for comparing hull forms A and B 
essentially compares the power 

PU Le CrU = pU Leal © PC 

required to overcome the drags of hulls A and B for a 
number of Froude numbers F; (with 1 = in) within a 
‘given speed range. The ranking criterion (8) indicates that 


‘hull B is better than hull A if rf: > 0. 
‘The six ranking coefficients 


"Sian it tha Ma RS eRe 


determined from both the experimental and theoretical 
drags depicted in Fig. 6 are now considered, As already 
noted, approximately 8000 unstructured flat triangular 
panels were used to represent the eight hulls considered in 
the calculations reported in Figs. 5 and 6. Calculations 
using approximately 32,000 panels have also been per- 
formed for the purpose of estimating the influence of hull 
discretization. Figs. 7 and 8 present the experimental and 
theoretical ranking coefficients for the six hull-to-hull 
‘comparisons considered in Fig. 6 in the ‘low-speed’ and 
‘high-speed’ ranges 


O16<F<024 024<F<031 


Seven ship speeds (equal to 14, 15, 16, 17, 18, 19, and 
20 knots) and six speeds (21, 22, 23, 24, 25, and 26 knots) 
are considered for the low-speed and high-speed ranges, 
respectively. Thus, » in Eq, (8) is taken equal to 7 and 6 
for the low-speed and high-speed ranges, respectively. 
‘Experiment’ in Figs. 7 and 8 refers to the ranking coef 
cients determined from experimental measurements, and 
“32k panels’ and ‘8k panels’ identify the theoretical ranking 
coefficients obtained using 32,000 and 8000 panels, respec- 
tively. Figs. 7 and & show that differences between the 
theoretical ranking coefficients obtained using 32,000 
ppanels and 8000 panels are negligible for the present 
Purpose. 

For the high-speed range, Fig. 8 indicates that theory 
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Fig. 6. Comparison of theoretical and experimental drag coeficients fora series of bulls, 


and experiments agree in predicting that the no-bulb 
hhull has a significantly larger drag than the baseline 
hhull, and that there is no appreciable difference between 
the drags of the nabla 1 hull and the baseline hull. 
Experiments and theory also agree that the nabla 3, 
nabla 2, producible, and nabla 6 hulls have smaller 
drags than the baseline hull, although there are appreci- 
able discrepancies between experimental and theoretical 


results for these 4 cases (especially for the nabla 3 
hhull). Discrepancies between theory and experiments 
are relatively larger for the low-speed range considered 
in Fig. 7, although both theory and experiments agree in 
predicting that the baseline hull has a smaller drag than 
the no-bulb, nabla 3, producible, and nabla 2 hulls 
Thus, Figs. 7 and 8 show that the theoretical and 
experimental ranking coefficients are in relatively fair 
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Fig, 7. Experimental and theoreical rankings of dag inthe low sped range. 


agreement on the whole, considering the extreme simplicity 
of the theoretical method that has been used to estimate the 
drag. 


6. Hull form optimization example 


For purposes of illustration, an optimization procedure is 
applied to the Wigley hull. This mathematical hull form has 
parabolic waterlines and framelines, and is defined by 


y= 2 4A) — 256220 
‘The volume displacement V of the Wigley hull (9a) is 
VIL? = 1/360 ~ 0.00278 (0) 


which yields a 5080 LT (5160 MT) displacement in sea 
‘water at a length of 400 ft (122 m), The transverse moment 
of inertia of the waterplane (moment of inertia about the x 
axis) Ip is 


Jr/L* = 126,250 ~ 0,0000381 


(8a) 





(90) 


Fig. 9 shows the waterlines (constant-z lines), buttocklines 
(constant-y lines), and framelines (constant-x lines) of a 
slightly modified Wigley bull having rounded forefoot and 
stem. This modified Wigley hull is actually used, in lieu of 
the classical Wigley hull (9a), as the initial hull in the opti- 
mization example considered here. Coordinates in the lines 
drawing shown in Fig. 9, and further on in Figs. 10-13 
for the corresponding optimized hull forms, are nondimen- 
sionalized with respect to the length of the initial hull, 
which is the reference length Ine hereafter. The contour 
interval in each view is specified by 5. 

‘The nondimensional total-drag coefficient Cy in Eq. (1a) 
is expressed as, 
Cre Cy + (1+ BCE ao 
‘The wave drag coefficient Cy is evaluated using the 
zeroth-order slender-ship approximation (6) to the spectrum 
function $ in the Havelock formula (5a). The friction 
drag coefficient Cy is given by the ITTC 1957 model-ship 
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Fig. 8 Experimental and theoretical rankings of dag inthe high speed range. 
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Fig 9. Lines forthe modiied Wigley bull tke as inital hull inthe optimization, 


correlation line formula (3). The form factor k is taken 


k=06VV/L + 9VIL' with 005=k=040 (11) 
‘where L and V stand for the length and displacement of the 
ship. Expression (11) is a fit of three data points given in 
Ref. [30 p. 28. 

Optimized hull forms that have the same displacement 
and transverse moment Jy as the initial hull and have a 
minimal total drag S*Cy are determined, Thus, only two 
constraints are considered. A real-world optimization 
problem would obviously involve a number of additional 
constraints, notably restrictions about principal dimensions 
(length, draft, beam), and these constraints could be 
included into the optimization process. However, an ideal- 
ized (academic) optimization problem involving a minimal 
‘number of constraints is purposely considered here to 
test the capability of the optimization method to gener- 
ate very different optimized hull forms. Indeed, the opti- 
mized hull forms obtained further on (and shown in 
Figs. 10-13) for three single-speed optimizations and for 
a three-speed optimization (ie. four cases in all) are drasti- 
cally different 

Tt is important that the wetted-hull surface area S* be 
included in the objective function SC; because significant 
changes in wetted area occur asa result of the optimization 


procedure. The downhill simplex optimization method, 
‘given in Ref. [31] Section 10.4, is used in this study. 

‘As shown in Figs. 10-13, ship hull form optimization 
may involve large hull form modifications, which must be 
represented effectively. Thus, a representation of a ship hull 
surface that is sufficiently flexible and robust to permit large 
hnull form modifications, while involving only a moderate 
‘number of unknowns, is an important element of hull form 
‘optimization. 

In this study, a ship hull is defined as a NURBS (non- 
‘uniform rational B-spline [34]) surface. Specifically, a cubic 
surface with a 5 by 9 control net (5 control points for each of 
9 sections) is used to represent a ship hull form, which is 
assumed to be symmetric about its centerplane y = 0. For 
simplicity, the surface is polynomial (control points are 
‘equally weighted) and has uniform knot vectors. The loca- 
tions of the 5X9=45 control points that define the 
NURBS surface representing a ship hull are defined in the 
manner explained in Appendix A. 

For the purpose of evaluating the zeroth-order slender- 
ship approximation (6) to the spectrum function S in the 
Havelock wave drag formula (Sa), a ship hull surface is 
approximated by a set of fat triangular panels. These panels 
are defined automatically using the panelization for the 
initial hull surface, in the manner now explained. A panel 
‘vertex is identified by values ofthe parameters w and vin the 
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Fig. 10 Lines for bull optimized at F = 0.250 


(j, ¥) parametric representation of the NURBS surface 
corresponding to the initial surface. The x, yz coordinates 
‘of a panel vertex in the panelization ofthe hull surfaces that 
ae defined in the course of an optimization are evaluated 
directly from the values of the parameters u and v attached 
to the panel vertex in the initial panelization. The volume 
(displacement) and waterplane-inertia constraints that are 
considered in the optimization procedure are enforced by 
iteratively scaling the hull form along the y and (x2) axes 

In the hull form optimization example reported later, the 
hall is defined by 61 independent variables (as explained in 
‘Appendix A), and is approximated by 11,200 unstructured 
flat triangular panels. The corresponding computing time is 
approximately 1.8 s per evaluation of drag for one Froude 
number on a gigahertz processor. About 12,000-16,000 
evaluations of drag are needed until ‘complete’ conver- 
gence. Thus, 18-24h of computation are required for a 
‘hull form optimization over three speeds. 


7. Optimized hull forms 


Figs. 10-12 depict the waterlines, buttocklines, and 
framelines of the optimized hull forms obtained by mini- 
mizing the drag coefficient S*Cx(F) for F = 0.25, 0.316, 
and 0.408, respectively. These three Froude numbers corre- 


spond to 16.8, 21.2, and 27.4 knots for a 400 ft ship. Fig. 13 
depicts the optimized hull form determined by minimizing 
the sum 


A(R + cf0a1 + foam) a 


of the drag coefficients at F = 0.25, 0.316, and 0.408. Thus, 
the hull form depicted in Fig. 13 corresponds to a 3-speed 
‘optimization, while the hull forms shown in Figs. 10-12 
correspond to single-speed optimizations. 

Figs. 10-13 show that all three single-speed optimized 
hhulls (most notably the hull optimized at F = 0.408) have 
sizable bow and stern bulbs, while the 3-speed optimized 
hhull has fine ends. The lengths, wetted-hull areas, and 
displacement to length ratios of the initial hull and the 
four related optimized hulls are shown in Table 1. The 





Tele 1 
“Length, surface area and displacement to length ati for the inital ll nd 
‘the four optimized balls 
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more than 20%, while the hulls optimized for F=0316  CyS/L2, and the total-drag coeficient CpS*/L, respec- 


and 0.408 ae slightly longer than the initia! hull, and the 
3:-speed optimized halls very much longer. The hull area is 
reduced (compared to the initial hull) forall three single- 
speed optimized hulls, most notably for the hull optimized 
at F=0.25 (for which the friction drag yields the largest 
contribution tothe total drag), and increased slightly forthe 
3:-speed optimized hull. 

Fig. 14 depicts the variation of Cy/C%, Cy/C3, and Cx/C? 
with respect to the number of evaluations ofthe objective 
function in the course of the 3-speed optimization, Here, Ci 
is the sum of the total-drag coefficients asin Eq, (12), for 
the initial hull. Fig 14 shows that the wave drag is reduced 
first and quickly becomes quite small compared to the fic- 
tion drag. The friction drag increases during the early phase 
of the optimization process. As the optimization process 
progresses beyond the early phase of rapid reduction in 
total drag, both the wave drag and the friction drag slowly 
decrease, During the early phase of the optimization 
process, the 3-speed optimized hull deforms into a hull 
having large, deep bulbs at both the bow and the stem. 
However, as the optimization process continues, these 
bow and stem bulbs are gradually eliminated, andthe hull 
‘becomes longer and pointed at the ends as shown in Fig. 13. 


tively, ofthe initial hull, the three single-speed optimized 
hulls, and the 3-speed optimized hull within the speed range 
02. =F =05. Fig. 15 shows that the wave drag coefti- 
cients Cy for the single-speed optimized halls are greatly 
reduced at the Froude numbers for which the hulls are 
optimized (at F = 025, 0316, and 0.408 for the low- 
speed, intermediatespeed, and high-speed optimized 
hulls) but increase very rapidly away from the optimization 
speeds. Thus, single-speed optimization can yield highly- 
tuned optimized hull forms that perform quite well only in a 
fairly narrow speed range centered at the optimization 


Figs. 15 and 16 also show that the wave drag coefficient 
Cy and the total-drag coefficient Cr of the 3-speed opti- 
mized hull remain small over a broad speed range, in 
‘contrast to the drag curves for the three single-speed opti- 
mized hulls. Furthermore, the drag of the 3-speed optimized 
hull is only moderately larger than the drag of the single- 
speed optimized hulls within the narrow regions where these 
hhulls are optimized. Thus, optimization for a speed range 
(ie. multi-speed optimization) appears to be much prefer- 
able to optimization for a single speed. 

‘Table 2 lists the values of the wave drag coefficient Cy at 
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Fig. 12. Lines for bull optimized at F = 0.408 
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Fig. 13, Lines for hull optimized at F = 0.25, 0316, and 0.408. 


F =025, 0.316, 0.408, and ofthe friction drag coeficient 
(1 + Ce for the initial hull, the three single-speed opti- 
mized hulls, and the 3-speed optimized hull. In this table, 
Cy and Cp are multiplied by 10° S*/L2,. 

‘The ratio Cy/Cr of the wave drag to the total drag is listed 
in Table 3 forthe initial hull, the three single-speed opti- 
mized hulls, and the 3speed optimized hull at F = 0.25, 
(0316, 0408. This table shows tha the contribution of the 








lumber of evaluetions: 


Fig. 14, Variation of drag in course of 3-speed bul form optimization. 


‘wave drag is reduced to near insignificance in the optimized 
hulls Indeed, Table 4 shows thatthe wave drag CwS*/L3y 
ofthe optimized hulls is reduced by 93-98% in comparison 
to the wave drag of the intial hull 

‘The corresponding reductions in the friction drag 
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8 Conclusions 


‘The experimental and theoretical drags reported in Figs. 6- 
8 indicate thatthe extremely simple CFD tool that has been 
used to estimate the total drag of a ship, based om the ITTC 
friction drag formula and the zeroth-order slender-ship wave 
<rag approximation, is able to rank the drags ofa series of hull 
forms roughly in accordance with experimental measure- 
ments. The method may therefore be used, with appropriate 
‘caution, as a practical hull form optimization tool 

‘This extremely simple CFD tool has indeed been used to 
{determine ship bul forms that minimize the total fiction + 
‘wave) calm-water drag. For purposes of illustration optimized 
‘hull forms that have the same displacement and waterplane 
transverse moment of inertia as the classical Wigley bull, 
used as initial hull in the optimization cycle, have been 
determined for three speeds and for a speed range. 

Figs. 1S and 16 show that the wave drag coefficient Cy 
and the total-drag coefficient Cy of the hull optimized for 
three speeds remain small over a broad speed range, in 
contrast to the drag curves of the three hulls optimized for 
asingle speed. Thus, speed-range (multi-point) optimization 
thas been found to be much preferable to single-speed opti- 
mization, which yields highly-tuned optimized hull forms 
that perform well only within a fairly narrow speed range 
centered at the optimization speed. Furthermore, Figs. 15 
and 16 show that the wave and total drags of the 3-speed 
‘optimized hull are only moderately larger than the drags of 
the single-speed optimized hulls within the narrow regions 
‘where these hulls are optimized. 

Figs. 9-13 show that the wave drag calculation method 
and the hull form representation that have een used inthis 
study are robust enough to make it possible to explore very 
large bull form modifications from an inital hull (taken here 
as the Wigley bull), Tables 3 and 4 show that the wave drag 
is nearly eliminated as a result of hull form optimization, 
and Tables 5 and 6 show dramatic reductions in total drag. 

‘The results presented in this study confirm that, despite its 
extreme simplicity, the zeroth-order slender-ship wave drag 
approximation can be a useful tool for routine practical 
applications to hull form design and optimization, as already 
demonstrated in Refs. [14~16]. It will be interesting to 
‘examine the series of eight hull forms and the optimization 


‘example considered in this study anew using more refined 
‘CFD tools than the extremely simple method that has been 
‘employed here. In particular, significant improvements 
‘upon the zeroth-order wave drag approximation can be 
expected from the approximation based on the first-order 
slender-ship approximation to the nearfeld flow and the 
Fourier-Kechin representation of farfield waves, as 
explained in Ref. [18]. More refined optimization proce- 
dures can also be used, e.g. Ref. [32] 

‘Although optimized hull forms that only take into account 
ccalm-water drag have been considered here it is important 
to keep in mind that hydrodynamic optimization needs to 
take into account a numberof requirements, including calm- 
water drag, unsteady motions and loads, and other relevant 
‘considerations such as propulsion, cavitation, and wakes. In 
particular, both motions and calm-water drag should be 
considered because design and optimization of a ship hull 
form for calm-water drag without regard to seakeeping char- 
acteristics, or minimization of ship motions without regard 
to drag, can lead to unacceptable hydrodynamic designs 
‘Thus, an integrated approach that simultaneously considers 
both calm-water drag and motions should be used. 
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Appendix A. Hull definition 


‘As depicted in Fig. 17, a ship waterline is defined by 9 
control points, which evidently are all located in the free- 
surface plane z= 0. The locations of the 2 end control 
points, which are only permitted to move along the x axis, 
are defined by 2 unknowns (1 degree of freedom —namely a 
displacement along the x axis—for each of the 2 end 
points). The first and last of the 7 interior control points, 
i.e. the 2 interior control points that are located next to the 
‘end points, define the curvature of the waterline at the ship 
bow and stern within the NURBS representation. Accord- 
ingly, the first and last interior control points are presumed 





Fig. 17. Plan view of contol pint defining a ship waterline. 
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Fig. 18 Profile view of contol points defining ship stem line. 


tohave the same x coordinates asthe related end points, and 
the locations of these 2 interior points are defined by 2 
unknowns (1 degree of freedom—a displacement along 
the y axis—for each ofthe 2 points). Finally, the locations 
‘of each of the 5 remaining interior control points, which are 
allowed to move within the free-surface plane z= 0, are 
defined by 5x2 = 10 unknowns (2 degrees of freedam— 
displacements along the x and y axes—for each of the 5 
points). Thus, the locations of the 9 control points that define 
a waterline involve 2 + 2 + 10 = 14 unknowns. 

‘A ship keel line is similarly defined by 9 control points, 
‘which evidently are allocated in the ship centerplane y = 
0. The locations of each of the 7 interior control points, 
which are allowed to move within the centerplane y =O, 
ae defined by 7X2 = 14 unknowns (2 degrees of freedom- 















contra point 


Fig 19, Body plan view of contol points defining an imterior station. 


displacements along the x and 2 axes-for each of the 7 inter- 
ior points). The locations of the 2 end keel line control 
ppoints are defined in the manner explained further on 
‘Thus, the definition of a kel line involves 14 unknowns. 
AAs already noted, a ship hull form is defined here as a 
[NURBS surface tha involves 9 sections. The 2end sections, 
ie. the stem and ster lines, are now considered. As depicted 
in Fig. 18, the stem line is defined by 5 control points. The 
locations of each of the 3 interior control points, which can 
‘only move within the centerplane y =O, are defined by 3 
2=6 unknowns (2 degrees of freedom—displacements 
along the x and z axes—for each of the 3 interior points). 
‘The end point located at the waterline has already been 
considered. The location of the end point located at the 





Fig. 20, Control net usd o define a sip bal surface, 
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keel line is defined in the manner explained further on. It 
follows that the definition of the stem line involves 6 
‘unknowns, and similarly for the ster line. Thus, the definition 
‘of the stem and stem lines involve 12 additional unknowns. 

‘The first and last interior sections (sections located next to 
the stem and stern lines) are now considered. As already 
noted, these sections define the curvature of the ship bull 
at the bow and stern within the NURBS representation 
‘Accordingly, the 5 control points that define each of 
these 2 interior sections are presumed to have the same x 
‘coordinates as the related control points on the stem or stern 
lines. It follows thatthe definition of the locations of the 3 
interior control points (the end points attached tothe water- 
line and the kee! line have already been considered) involve 
6 additional unknowns (1 degree of freedom—a displace- 
ment along the y axis—for each of the 3 interior control 
pints that define the frst and last interior sections), 

‘The 5 remaining interior sections are now considered. As 
depicted in Fig. 19, each ofthese 5 sections is defined by 5 
control points. The 2 end points, attached to the waterline 
and the keel line, have already been considered. The 3 inter- 
ior control points define the flair angle, the section fulness, 
and the deadrise angle, as indicated in Fig. 19. The locations 
‘of these 3 interior points is defined by 3 unknowns (1 degree 
of freedom for each of the 3 interior points) because the x 
‘coordinates of the interior points are presumed to vary line- 
arly between the x coordinates of the 2 end points located at 
the waterline and atthe keel lie. Thus, the definition of the 
5 interior sections now considered involves $X3= 15 
‘unknowns. 

‘Al 45 control points have now been considered except 
for two control points, namely the points that are common to 
the keel line and either the stem line or the stern line. These 
points are taken midway between the neighboring points 
located on the keel line and the stem/stern line. Thus, the 
definition of these 2 special points does not involve addi- 
tional unknowns, and the NURBS representation of a ship 
‘hull form that is used here involves 14+ 14+ 12+ 6+ 
15=61 unknowns. Fig. 20 shows the initial 45-point 
‘control net for the intial hull and the corresponding control 
ret fora hull form defined in the course of an optimization 

‘Several constraints are imposed on the control points to 
prevent unrealistic hull form deformations. ‘The displace- 
ments along the x axis of the interior control points that 
define the waterline and the Keel line are restricted so that 
cach interior point remains between its logical neighbors. 
‘The displacements along the z axis of the 3 interior control 
ppoints that define the stem line and the stem line are simi- 
larly restricted to ensure that these interior points are 
‘between their logical neighbors. 
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i wan ‘The Kasprazyk slotted-flap glider airfoil (the Kasper 
wing) enabling glider flight at 32 km/h and 0.5 m/sec descent 
speed was wind-tunnel-tested in the U.S. The test layout is 
described and reasons offered for discrepancies between wind- 
tunnel results and Polish in-flight data: high induced drag 
caused by relative size of model wing span and tunnel, by vor— 
tex attenvators on the model and their proximity to the tunnel 
wall, nonsimilarity between flow over a smooth wing and flow 
over the Kasprayk wing with bound vortices, obstruction of the 
tunnel test chamber cross section by the model wing, discrep~ 
ant Reynolds numbers, and model airfoil aspect ratio much 
smaller than the prototype. The overall results offer partial’ 
confirmation of the Kasprzyk theory, but further in-tunnel 

and in-flight studies are recommended. 
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W. KASPRZYK AIRFOIL. THE FIRST WIND-TUNNEL TESTS 


Tadeusz Wusatowski 


Recently Technika Lotnicza i Astronautyczna (No. 9, 1974) Pall 


published an article about a slotted-flap glider airfoil and 

a glider designed by Witold Kasprzyk. Daniel Walton, a senior 
student at the University of California, also found out about 

the unique aerodynamic characteristics of the Kasper wing, making 
possible glider flight at 32 km/h and 0.5 m/s descent speed. 
Because these data were controversial and not officially confirmed, 
he decided to study this problem as part of his semester work at 
the University. He conducted the tests in the Northridge low- 
speed wind tunnel, and was well aware of the fact that model wind- 
tunnel tests could not be more accurate than accurate measurements 
made during flight. Below we publish the report on his tests and 
their results. (taken from the journal Soaring, No. 11, 1974). 


The purpose of the study was to obtain specific quantitative 
data about an interesting method for increasing aerodynamic lift 
at large angles of attack, which was possible thanks to the 
collaboration of a system of flaps, sustaining vortices above 
the upper airfoil surface. A rectangular wing with a 48.3 cm 
span and 15.2 cm chord was produced for the wind-tunnel tests. 
Two edge plates were placed at its ends, which were also used for 
mounting the flaps at the leading edge and the slotted flaps at 
the trailing edge. The latter were obtained by bending steel 
sheet (approximate thickness 1.6 mm) according to the shape 
shown in Fig. 1. The entire wing of the model was carefully 
polished. The tests were carried out in a wind tunnel whose test 
chamber was 71 cm wide and 50.8 cm high, with three points for 
clasping the model. 





*Numbers in the margin indicate pagination in the foreign text. 4 





. Dynamometers and an 


electronic counter were used 
aS to measure the 1ift and drag. 
Se. It turned out that a suf- 
Trae ficiently high‘speed of 
‘ flow around the airfoil for 
the Reynolds number equality 
a) pine wood elements of airfoil; 


b) flaps from 1.6 mm metal sheet; for emagde) and: the. read 

c) pivoting points. airfoil could not be used 
in the wind tunnel because 

of the dynamometer loads which were calibrated in the range to 

4.5 kg. In order not to overload and damage the expensive measure- 

ment system, the measurements were made at lower-speeds, which 

were 31.4 m/s and 22.2 m/s, respectively. 





Fig. 1, Wing model airfoi 


A somewhat undesirable feature of the model of the wing was 
the small vibrations of the slotted flap at the trailing edge 
which occurred at small angles of attack. However from a practi- 
cal standpoint these vibrations are of no importance, because 
under normal flight conditions the flaps are closed. 


Visualization of flow was carried out during the wind-tunnel 
tests. The method of filaments glued to the airfoil surface was 
used because of the lack of a smoke generator in the wind tunnel. 
After the model was positioned at large angles of attack at which 
the occurrence of the vortex phenomenon was anticipated, the 
tunnel was put in operation and the velocity of the flow was 
gradually increased. In the range of low velocities the flow 
around the airfoil behaved in a normal manner, and at higher 
velocities, the direction of the flow changed to the opposite 
direction. Initially the point at which the direction changed 
was unstable, however, with increasing velocity, the reverse 
flow stabilized (Fig. 2). This reversed flow indicated the 
existence of a vortex behind the leading edge (as described in 


TLIA, No. 9, 1974, p. 18). Visual observation confirmed the 
existence of a similar vortex behind the trailing edge. 


Subsequent observations 
were made at a number of 

other large angles of attack, 
always with the same positive 
result. Only the velocity at 
which the flow changed direc- 





Fig. 2. Model in wind tunnel, visi- tion decreased commensurately 
ble filaments indicate reverse 
flow around the body on upper 

surface of wing with open flaps. attack. Next the lift and 


with increasing angle of 


drag were measured at a con- 
stant velocity in the entire range of angles of attack (Fig. 3). 
The model with open flaps was tested at two different speeds, the 
only difference being that at the lower speed it was possible to 
investigate the entire range of angles of attack up to 55° (on 


account of dynamometer loads) . 


The results presented in the diagrams (for open flaps) show 
considerable differences in the drag and lift compared with more 
conventional airfoils (Figs. 4 and 5). An airfoil with retracted 
flaps gives graphs which are similar to those of-a conventional 


airfoil presented in Fig. 3. 


From Fig. 4 it is evident that at greater speed and with 
open flaps the wing does not tend to stall in the usual sense of 
the word. In general the drag of the wing turned out to be 
very great and did not increase parabolically with increasing 
angle of attack as in other airfoils. The mentioned region 
which lies in the range of angles of attack from 19° to 30° 
is clearly marked in Figs. 4 and 5. Pigure 6 gives the gliding 
ratio of the wing, i.e. C,/C, for closed flaps at a 31.4 m/s 
speed and for open flaps at a speed of 22.2 m/s. This gives rise 


Ao 


to a difference in Reynolds numbers, however, for smaller speeds 
the variation in C,/C, could be investigated in a greater range 
of angles of attack. ‘The optimal angle of attack for a smooth 
airfoil lies at smaller angles of attack, whereas for an airfoil 
with open flaps, at greater angles of attack. This indicates 
that a Kasprzyk airfoil meets best the requirements at greater 
angles of attack. Two numbers pertaining to the descent speed at 
great angles of attack were given beforehand, namely 1.02 m/s at 
48.2 km/h and 0.51 m/s at 32.2 km/h. From the equality C,/C, = 
= v/w, which is important for small angles of attack, it follows 
that the gliding ratio in the given cases is 13.3 and 17.6, 
respectively. These quantities contradict the maximum value of 


the gliding ratio obtained in experiments, which-is equal to 1.6. 
a 










During the tests C, 14. = 


2.98 was obtained at a 50° 
angle of attack, however the 


4] 
a 
wh 


drag was always considerable. 


a 
oe During visualization of the 
a | flow it was ascertained that 
°. 

07 E the flaps give rise to a vor- 


ot tex system. Flutter of the 


— <r buffeting type also occurred. 
Fig: 3. Graph of, cy ane Cy bad It was assumed that the tests 
function of angle of attack for ould not be extensive and 
system with retracted flaps, 
velocity v = 31.4 m/s, Re = that their purpose was to 
330,000. test a prototype airfoil in 


a wind tunnel and obtain more 
detailed information about the advantages and limitations result— 
ing from the use of an unusual system of flaps. This is how 
D. Walton summarized his study. 


Now we will try to give some thought to what the description 
of the tests which was presented above means. 
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Fig. 4. Graph of C, and C, as @ 


function‘of angle of attack, 
open flaps, flow velocity v 
31.4 m/s, Re = 330,000. 
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Fig. 5. Graph of C, and C, as a 


function of angle of attack, 


open flaps, flow velocity v = 


22.2 m/s, Re = 226,000. 


* The obtained C, 14, = 


2.98 comes close to the value 
obtained by W. Kasprzyk during 
flight, i.e. 3,15. 


* The excessive drag, 


which resulted in a smal1 
gliding ratio, was due to the 
measurement method used, 
namely: 


-- plane flow around 
the airfail was not ob- 
tained in the wind tunnel 
because the wingspan did 
not take up the entire 
width of the wind tunnel; 


-- the edge plates 
that were used, which 
stabilized the vortex 
and are used to obtain 
a plane flow are too 
small for this purpose 
and may cause great 
induced drag, especially 


since the maximum angles of attack at that time are about 


55° and the aspect ratio of the model wing is 3.17, These 


values give an induced drag coefficient C, approximately 


equal to 1 (we recall that the aspect ratio of the Kasprzyk 


wing is 15); 


-- mounting the edge plates of the wing at a distance 
of about lo cm from the wind tunnel walls must have caused 
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6. Gliding ratio of model as func- 
o£ angle of attack: a) retracted 
7b) open flaps. 


increased turbulence 
and consequently also 
increased drag (this 
method is normally not 
used); 


-- the flow around 
a straight wing (model) 
and a backswept wing 
(Kasper wing) cannot be 
compared since a bound 
vortex occurs on them, 
at which time these 


vortices differ somewhat, and the drag of the straight wing 


is greate: 





+ the condition of equality of Reynolds numbers which 
was not satisfied (the number was too small for the model) 
increases the drag coefficient C, for the model: 


-- at very large angles of attack (the most important 
angles), throttling could have occurred in the wind tunnel 
because the wing of the model set in this position consti- 
tuted a considerable part of the cross-sectional area of 
the chamber in which the measurements were made. 


The obtained results confirm only partially W. Kasprzyk's 


theory, however in no case provide further substantiation of it. 
The problem that was described is still not fully understood 
and requires further, more reliable testing in a wind tunnel 


and during flight. 
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a 
AIRCRAFT WING WITH VORTEX GENERATION 


‘CROSS REFERENCE 


‘The Applicant, Witholé A, Kasper, illustrated and 
described his “Aircraft” in U.S, Pat) No. 3,838,597 
‘which issued on Apr. 1S, 1969, and understandings af 
‘many structural components and contra] components 
of ths first aircraft are portinent to the airoraft ilus- 
tated and described herein and such information is so 
incorporated herein 


BACKGROUND OF INVENTION 


In ying his lider embodiment ofthe sirerat Witold 
‘A. Kasper illustrated and doserined in his US. Pat. No 
3.438.597, ne observed in flight after reaching an sur- 
passing en angle of attack of 40%, thatthe airflow xe- 
versed immediately adjacent the top surface of the 
swing, Upon such reversal he was sil able to contol the 
Aight, fying the glider much in the same way as one 
‘mushos in ding a parachute Gight, Further fights and 
experimentation: using wind flow dizectional devices 
indicated the formation of transverse epanwise vortices 
‘of air Bow. Subsequent, the Tights and landings of 
birds were restudicd and observations indicated the 
possible formation of transverse spanwise vortices of 
Bir flow or their wings. 

Asa consequence of the glider fying experience and 
the continued observation of birds fying slowly and 
landing, new wing designs. changeable in fight, were 
tundertaken by him 10 create ané maintain transverse 
spanwise vortices of ait flow, ARter these vortices were 
generated, safe Gight operations were undertaken wel 
Under stall speeds normally associated with fixed con- 
figurations of wings. in their cruising. ceossectional 
forms. When the new swept wing designs ware changed 
inflight, the overall aircrat dic no: have to be flown at 
such a high pitch attitude at the lower speeds end at 
and under stall speeds to create and main‘ain the favor- 
able tcansverse spanwise vortices of air flow. 

Essentially dung sich favorable atstude of the air. 
craft at lower angles of ack with the swept wing ait- 
fol structures adjusted for Might beyond normal stall, 
the created transverse spanwise vortices of aiflows ef. 
fectvely changed the overall wing configuration sensed 
by the entire surrounding 2nd passing airflow. The 
changed wing form plus the vortex ait flow ereated an 
effective wing of large profile or crass section in a form 
suitable for creating suicient it to permit a well con 
Uolled and safe descent to the grout 

This ight ecsult occurring open cretion ofthe spun- 
‘wise vortices has been compares, by analogy, in rfer 
‘ence to the magnus effeet and explained to some extent 
using the associated studies and formulaes, After eon 
tinued experimentation, diferent types of charging 
‘wing structures are now used to start, maintain, and 
‘caniol spanwise vortices to ereae the resultant overall 
‘wing profiles which produce the necded lift forces dut- 
ing slow andor landing fight perioes. 

Also during these earlier flights at high angles of a- 
tek, it wus realized that ar discharging from vortexes 
‘was boing dizected past eudders and elevons. However, 
ansed remained for more effective acrodyamie fight 
controls, Therefore. in the aieraftiDusrated herein, 
the stabilizer and rudder control surfaces st the wing 
tips were slanted t0 create additional directional ait 
flow force components. Moreover, clevons were 
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equipped with tabe which moved zo make their contral 
effectiveness equally sensitive snd responsive whether 
the elevon was pivoted upwardly or cewnwardly. By 
using tabs, drag is minimized on the depressed elevon 
and drag is increased on the raised elevon, thereby 
avoiding any unwanted yaw condition 


SUMMARY OF INVENTION 


Aircraft, such as disclosed in U.S, Pat, No, 3,438,507 
and modified as disclosed herein are flown safely, com- 
fortably, reliably, and effectively, at many operating 
speeds and particularly ut very low speeds, even as a 
normal stall is about te occur oF after normal stall has 
occurred, At the neae normal stall, stall andor uader 
stall speeds, the airfoil structures selectively and espe- 
cially provided in a sweep wing are extended beyond 
the cruising speed contour of the swept wing. When so 
extended, they ereate and control transverse spanwise 
vortex air flows, one on each side of the airerall, with, 
each vortex discharging over the wing ti. ight control 
surfaces, The spanwise vortex air flows enlarge the ef: 
Feetive overal airfoil controus as sensed by the passing 
major ait flows, thereby creating sustaining aerody- 
namic Wit forces at angles of attack just beyond and 
well beyond the stall angles of a cruising airfoil contour 
swept wing, 

These extendable aiefoit structures of the swept wing 
include; leading edge airfoil structures mounted so 
their craling exiges are pivoted upwardly; trailing edge 
airfoil structures mounted so their leading edges or 
trailing edges are pivoted upwardly: and/or trailing 
age airfoil structures, one above the other, separable 
into two trailing edge airfoil structures, the one above 
pivoting upwarcly tits trailing edge and the ane below 
pivoting downwardly at is tailing edge. 

Accessories used with these extendable airfoil srue- 
tures include actuators, linkages and auniliory ai dists- 
bution systems for selectively injecting supplemental 
air flows to enkance, control, and maintain the trans- 
verse spanwise vortex air lows, Such extendable airfoil 
structures with their accessories effectively create the 
{greater lift overall sirfoil flow patterns enlarged by the 
Vortex formations, without reliance on or in lieu of 
‘early continuous skin airflow extended structures. As 
consequence, this very desirable slow speed flying ea- 
pabiity is obtained without substantially increasing the 
‘Weight of the airerat, by the otherwise addable amount 
of the weight to be attributed to such nearly continuous 
fully extended airfoil structures and their mare elabo- 
rate and extensive actuators 

In providing this aircraft capable of such safe slow 
fying speeds, additional improvements in conical sur- 
faces ate included. Each vertical stabilizer and each 
rudder at each wing tip of the swept wings are slantably 
‘mounted, Each rudder is mounted on « hinge having a 
hinge line which is slanted outwardly and rearwardly 
from bottom to top. In such siunted positions these ait 
Flow control structures create air flow force compo: 
‘nents which are especially beneficial in controlling the 
very slow fying aireraf 

‘Also t0 equalize the sensitivity of upward and down- 
vward control movements of the elevons, each one is 
equipped with an airfoil tab which beyond a neutral 
cervise position, always pivots upwardly. As the elevon 
is pivoted upwardly, the combination of elevon and this 
tab becomes mace effective overall, and as the clevon 
is pivoted downwardly, this same combination af elz- 
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von and tab becomes less effective overall than the ele- 
von per se would have been, and may initially notice 
able yaw drag effects are thereby eliminated. 


DRAWINGS OF PREFERRED EMBODIMENT 


FIG. 1 is a perspective view of the aircralt at rest, 
with all the directional control airfoils and vortex gen" 
crating and control airfoils in their neutral positions; 
FIG. 2 isa perspoctive view of the aircraft in Might, 
‘with a let rudder alrfoil in its fefe turn proxucing posi- 
tion aril the balance of the directional control airfoils 
retained in their neutral position, and the vortex gener~ 
ating and control airfoils m their active positions gener~ 
ting and controlling transverse spanwise vertexes; 
FIG. 3 is a perspective view of the aircraft in Might, 
with all the directional control aiviois in their neutral 
positions, and the vortex generating and control airfoils, 
in their ‘sctive positions generating and controlling 
transverse spanwise vortexes, with light curved lines in- 
dicating the circular motion of the air traveling in the 
vortex and with directional atrows indicating the air 
leaving the vortexes at the respective swept wing tips; 

















FIGS. 4, 5, and 6 are schematic sectional views of a 
transverse spanwise vortex to illustrate, respectively: 
FIG. 4,a simple vortex; in FIG. 5, astep induced vortex 
Which varies insize as gusts occur and as the step is var 
ied in its height; and in FIG, 6, x confined vortex whieh 
fs loceted between an Inducing step amd a shaving bar- 
rier is kept relatively unaffected by gusts and its center 
‘of pressure location remains relatively stable: 

FIGS. 7 and 8, respectively in section and ir perspec 
tive, with vortex air flow indicating lines being used in 
FIG. 7, illustrate how a wing is equipped with a leading 
edge airfoil structure which is pivoted upwardly at its 
‘railing edge to become a step, thereby creating a Tf 
vortex, as previously indicated in the schematic sec 
tional views in FIGS. 4 and §, and also creating w drag 
vortex beyond the tailing edge of the wing 

FIGS. 9 and 10, respectively in section and in per- 
spective, with vortex air flow indicating Tines being 
used in PIG. 9, illustrate how a wing is equipped with 
‘fending edge airfoil structure which is pivoted up- 
‘wardly at its trailing edge to become a step, thereby 
creating a lift vortex, and with a trailing edge airfoil 
structure which is pivoted upwardly at its leading edge 
to become a vortex shaving barrier above to keep the 
lift vortex within stable limits and to become an entry 
below for air wo beneficially circulate into the trans 
verse spanwise lift vortex, 

FIGS, 11 and 12, respectively in section and in per- 
spective, with vortex air flow indicating lines being 
used in FIG. 1, illustrate how a wing is equipped with 
a leading edge ‘airfoil structure which is pivoted up- 

















‘wardly at its trailing edge to become a step, thereby § 


creating a lift vortex, and with two trailing edge airfoil, 
structures, one above the other, the one above pivoting 
upwardly to place ils trailing edge as a vortex shaving 
barrier, and the one below pivoting downwardly to pro 
vide an entry below for air to beneticially cicculate 

the transverse spanwise lift vortex, and also 0 pros 





edge airfoil structure in which a drag producing vortex 
| generated with the assist of this above airfoil struc 
‘ture serving asa step as t continues to serve also as the 
shaving barrier, the trailing edge airfoil above having its 
leading edge beveled, and the trailing edge airfvil 
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boclow having its leading edge equipped with an up- 
standing air flow guiding flange, which both serve to 
better direct the airflow coming in from below to en- 
hhance the air flows in both the lit and drag vortexes, 
and, as necessary, to further control the shaving of the 
respective vortexts, the above and below trailing edge 
airfoil structures include tabs, 

FIGS. 13 und 14, respectively in section and in per 
spective, with vortex air flow indicating lines being 
used in FIG, 13, illustrate how # wing equipped with all 
the airfoll structures illustrated in FIGS. IL and 12, is 
further equipped with transverse spanwise air conduits 
to bring air under pressure substantially throughout 
wing to feed vortexes, such as the lift vortexes; 

FIGS, 15 and 16, respectively in section and in per- 
speetive, with vortex ai flow indicating lines being 
used in FIG. £5, illustrats how a wing is equipped with 
1 lending edge airfoil structure which is pivoted up- 
vwardly at its tiling edge to become a step, thereby 
creating a lit voriex, and with iwo tealing edge airfoil 
structures, one above the other, the onc above being 
shorter and pivoting upwardly to place its trailing edge 
as a vortex shaving barrier, and the one below being 
longer and pivoting downwerdly to provide an entey 
below for air to beneficially circulate into the trans- 
verse spanwise lift vortex, and also to provide a follow 
ing space in conjunction’ with the above trailing edge 
airfoil structure in which a drag producing vortex is 
SBencrated, with the assist of this above airfoil structure 
Serving as a step i It continues also to setve as the 
Sinaving barrier, the wailing edge airfoil above having its 
leading edge heveled, and the tailing edge airfoil 
bpclow having is leading edge equipped with an up- 
standing air flow guiding flange, which both serve to 
better direct the airflow coming in from below to en- 
hhance the air flaws in both the lift and drag vortexes; 














FIG. 17 is a side view of the aircra(t indicating with 
arrows and air flow lines how the slantably mounted 
rudder deflects air upwardly and outwardly, a8 itis ive 
‘ted about its hinge mounted at the angle shown: 

FIG. 18 is a top view of the aircraft indicating at the 
right wing tip with sir flow lines, how the right or star~ 
board near vertical stabilizer and rudder are pointed 
inwardly and yer tilted or slanted outwardly at their 
tops at their near straightaway cruise operating posi- 
tions, and indicating atthe left wing tip with arrows and 
air flow lines, how the left or port near vertical stabi- 
lizer is pointed inwardly and yet tilted or slanted out 
\wardly at its top, and how the left or port rudder pivots 
‘outwardly beyond its slanted hinge mounting to effee- 
tively redirect the oncoming air to create the reactive 
turing component of the aerodynamic force, and also 
how it pivots inwardly forward of ils slanted hinge 

balance portion also act a8 a spoiler of 

the air flow over the wing tip inclusive of the horizon 
stabilizer; and 

FIGS. 19, 20, 21 and 22 illustrate, in partial views, 
perspective and side, how a control surface such as the 
elevon is equipped with a unidirectional tab and 
linkages to make the toed back sensitivity and the e' 
fective contro! comparable for like arcuate deflections 
fof the clevon either above or below the normal cruising 
contour of the wing, with FIG, #9 showing the cruise 
position, FIG. 20 the elevon up position wherein the 
tab enhances the effectiveness of the combined clevon, 
and tab, FIG. 24 the elevon down postion wherein the 
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tab decreases the effectiveness of the combined eleven 
and tab, and FIG. 22 the respective major alternate po- 
sitions of the elevon and the tab wherein tae tab pivots 
in the same direction whether the elevon pivots up- 
wardly or downwardly, the faired or generally cruise 
position being shown in solid lines and the up and down, 
clevon positions being show in dotted lines, 


DESCRIPTION OF PREFERRED EMBODIMENT 

1. General Intracuction 

In flying his aircraft as disclosed in U.S. Pat, No, 
3,438,597, Witold A. Kasper, at extreme angles of at 
tek found it still controllable yet his pesitioning was 
unconfortable. Subsequently, the atseraft which he dis- 
loses herein, was developed to fly at these very low 
speeds, experienced by him previously at the extreme 
angles of attack, while still maintaining an angle of 
tack whercin his positioning is corafostable, All this is 
lone without detracting from the higher speed, cruise, 
landing and/or take off fight advantages realized dur- 
ing Rights of his aircrait disclosed in his U.S. Pst. No. 
3,434,597, wherein the control surfaces were mounted 
‘on the swept back sing and no extending fuselage por- 
tions were needed to support any control surfaces. 

His former aircraft, Ayable at all times without any 
need from centerline located tall control surfaces, at 
these high angle of attacks created transverse spanwise 
vortexes which be observed as sustaining his slow but 
controllable fight well beyond angles of attack, previ- 
‘ously and normally thought to indicate the loss of all 
controllable lift and/or the loss of immediate overall 
‘control of an aircraft. With this fight information cou- 
pled with the restudy of many vortices, and the restudy 
‘of many birds in their fight, inclusive of their take off 
and landing, Withold A. Kasper now has a new aircraft 
‘which Dies extremely well throughout all reasonable 
speeds of fight and also at lower Speeds previously con- 
sidered to be unsafe, being betow the previously desig: 
nated normal stall speeds. To enhance his contro! over 
the aircraft at speeds below these normal stall speeds, 
hhe has mounted the near vertical sabilizors and rud- 
ders at a slant, with the rudder turning on its slanted 
hhinge line to create a reactive air low dynamic contrat 
‘component which is especially useful in the slow mush- 
ing in type flight of the aiccraft, Also he has used a uni- 
directional tsb on the elevons to make them compara- 
tively responsive, both in control and seasitivity, 
whether moved upwardly or downwardly, avoiding any 
yaw drag effect, 

2. General Configuration of Aircraft 

As observed in FIGS. 1, 2, 3, 17 and 18, the aireraft 
30, has a compact fuselage 32, not requiring a rearward 
‘extension solely to position uny control surfaces, An 
‘engine 34 and its propeller 36 are mounted at the rear 
fof the fuselage 32. A nose wheel 38 and its support 40 
fare positioned at the front of the fuselage 32. Some- 
‘what beyond the center of the fuselage 32, the main 
landing gear 42 has a continuous U-shaped support 44 
secured to it te position the other landing wbeels 46, 
completing the three whee! support of the aircraft 30, 











‘The swept wing 50 is secured to the top of fuselage 
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32 and positioned without any dihedral angle. Each en- gg 





tire left or port section $2 end each entire right or star- 
‘board section $4 are identical and the port and star- 
‘board sections are mirror images of one another. 
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“Throughout the ing 50, airfoil structures are rev 
able beyond the cruise control configuration, At each 
swing tip and trailing behind ste horizontal stabilizes 
136, 58. Iust inboard of them are clevone 68, 62, each 
having a unidirectional tab $4, 66. 

Further inboard are spit laps 76, 78, having telling 
airfoil structures 80, 82 locuted above and tailing air 
foil structures 84, 86 located betow, which respectively 
are pivoted so their above tiling edges 88, 90 raise 
and their lower trailing edges 92, 94, lover. The trailing 
airfoil steuctures 0 and 82 lecated above an the split 
flaps 76, 78, cach have a lower slanted front portion 96. 
Also the tiling airfoil sirectures Bd, 86 located below 
‘each have an upstanding structure 98 at thei front por- 

Again, farther inbosed are additional spit Tap assem 
blies 199, 102 af like components. However as the fu 
selage 32 is approached the downward motion of the 
airfoil 194 s0 located is restricted and therefore itis not 
aspiit lap assembly, instead being a single aitfoil raised 
fon oceations to serve as a spoiler and! to shave the lift 
vortex 

‘Along the leading postions of each side section 52, 
54, of the swept wing $0, ae airfoil structures 100, 112 
pivotally mounted so their truling edges 144, 116, 
raise, They are positioned as nose Taps would bes how: 
‘ver, Yor‘ox generation is their perpose when pivoted 
‘ell beyond the cruise contour of the swept wing 50, 









At cach sing tip 118, 120, the near vertical stabiliz- 
‘ers 122, 124 mounted there are pointed longitudinally 
inwardly at their forward ends and also are secured in 
a transversely and ontsvardly slanted position at their 
tops, Continuing in this same orientation are the rud- 
ders 128, 130 when in their straight away faired or nor- 
‘mal cruise configuration. They are mounted on hinges 
hich are slanted gain and they only swing outwardly 
However, their balance portions 136, 138 swing in- 
wardly over the wing tips 138, 120 to also serve as 
spoilers. 

‘The many intemal linkages, actuators, and power 
soutress utilized in flying this wirerat 30 are principally 
Considered to be derived from conventional products 
and systems. For slaray of the presentation of the 
‘major aspects of this sireraft 30, they therefore are not 
iscussed, 

3, Generation of a Vortex to Create Lift 

‘After Witold A. Kasper observed wing secured indi 
<catozs following aic flow patterns tsansversely spanwise 
across the wing of his areraft, he concluded that such 
a xpanvise vortex existed. He therefore generated such 
‘vortex in fight, without reaching such a high angle of 
attack, in the aircraft disclosed herein by operating 
‘any aisflow structures. 

To beiter understand the respective purposes of 
these airflow structures, the schematic FIGS. 4, § and 
6 show in cross section the generation of different vor- 
‘exes whece the source air is coming in tangentially 2t 
the outer boundaries and the discharge air is leaving ax- 
Lally, the fatter being indicated by arrows and flow lines 
in FIG, 3. in FIGS, 4 and 5 simple vortexes 144, 146 are 
Formed bchind respective obstructions 148, 180. Gusts 
are known to effectively reduce or stop them. There- 
fore in addition to regulating the height of the obstrac: 
tions, such as step 150, which aid in the generation of 
vortex 146, a shaving or sizing barrier or step 152 is 
‘often used as showa in FIG. 6 to confine the location, 
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size, and center of pressuce of a vortex 154, Following 
the presentations of these schematic FIGS, 4, 5, and 6, 
their application to the airfoils shown in the following, 
figures is better understood. 

‘Atthaugh the aircraft 30 illustrated and described 
herein embodies the wing $¢ and its airfoils indicated 
in FIGS, 18 and 16, the otter wings illustrated are used. 
10 meet different operating specifications and cost ob- 
jectives. For example the basic approach to generating 
the vortex is undertaken by using the wing 160 having 
8 leading airtoil 162 pivoted so the traling edge 164 
thereof raises as ts positioned as shown in FIGS. 7 and 
8 to create the lift vortex 166, Also « second vortex is 
generated and referred to as the drag vortex 164, to dis. 
‘inguish it from the lik vortex 146. As indicated by the 
air flow Lines these two vortexes 166, 168 combine 10 
‘efeate an effective cross sectional profile of a much 
larger wing which has better lift characteristies at these 
Tower aircraft speeds. This vortex defined larger wing 
160 is acquired by adding only a small portion of the 
‘weight that would atherwise be required if this enlarged 
profile were to be established completely by adding 
only a small portion of the weight that would otherwise 
bbe required af this enlarged profile were to be estab- 
lished completely by airfoil structures and their ex. 
panding actuators. 

In FIGS. 9 and 10, wing 174 has a leading airfoil 176 
pivoted 10 create the lift vortex 178 which is oth 
shaved and fed by a trailing airfoil 190 having its load- 
ing edge 1B2 pivoted upwardly for the shaving func 
tion, The lower surface 184 of aicfoil 180 redirects air 
from below the wing 174 to the bottom of the vortex 
178 above. Generally in this arrangement 2 drag vortex 
does not form. 

Tn FIGS, 11 and 12, wing 188 ans leading sirfoil 190 
creating the lift vortex 192 and itis shaved and con- 
trolled by tailing airfoil structure 194 arranged above 
‘on a split Hap 296. The trailing edge 198 of airfoil 
structure 194 pivots upwardly and its effectiveness may 
be enhanced by a tap 200 which also acts as a shaving 
device, The trailing aicfoil structure 202 arranged 
below on the sph Map 196 pivots to move its trailing 
edge 204 downwardly and its effectiveness is enhanced 
bya tap 206 which also acts a5 a shaving device with 
respect to the drag vortex 208. This drag vortex 208 is 
created upon the separation of the trailing edges 198 
‘and 204, Both the lift vortex 192 and this drag vortex 
208 ‘are further controlled both by the upstanding 
Htcucture or step 240 on trailing airfoil structure below 
202 and by the slanted portion 212 om the trailing ait- 
foil structure above 194, Also the wing 188 has & 
slanted sucface structure 214 to aid in guiding air flow- 
ing feom below the wing up and into the bottom of the 
HR vortex 192, The overall wing profile ereated by op- 
crating alt these airfoil structures to establish vortexes 
192 and 208, is very largo creating an effective wing of 
very high lift characteristics. 

Ta FIGS. 13 and 14, all the same airfoil structures are 
used, However, in this wing 214 a transverse spanwise, 
tube 216 filled with compressed air distributes this air 
to feed the Hit vortex 218 either at all times or at sc= 
lected times, With this capability slower flying speeds 
ave undertaken. 

In FIGS. 15 and 16, the wing 56 of aircraft 30 is 
shown, [thas a leading airfoil FIO creating the lift vor- 
tex 222, Also trailing split flap 76 is used to create 0 
drag vortex 226. This occurs as the trailing edge 88 of 
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the trailing airfoil structure 80 arranged above is piv- 
‘ted upwardly to serve both as a shaving barrier for 
‘controling the lift vortex 222 und as a step for ereating 
the drag vortex 226, Further confinement and control 
of the drag vortex 226 occurs as the trailing edge 92 of 
trailing airfoil structure Bd arranged below is pivoted 
downwardly. At the leading edge of this lower teiling 
airfoil suucture 84, an upstanding guidance structure 
198 is secured to dizect air coming fram below the wing 
‘50 both back into the bottom of lift vortex 222 and on 
into the drag vortex 226. Alwo to better guide the sir, 
the wing $0 has a slanted surface structure 239 oppo. 
site guidance structure $8. 

4. Flight Control Airfoils to Aid Piloting Dusing 
Slower Flying Speeds When Vortexes Are Being Gen- 
erated 

‘The capability of the Aight control airfoils disclosed 
in US. Pat, No, 3,438,597 are further enhanced, as 
lustrated in FIGS, 17"and 1. In their straight away 
faired or cruise position the rudders #26, #30 with their 
balance portions 126, 138 are in alignment as before 
with the near vertical stabilizers 122, 124, Then in ad- 
dition to being pointed inwardly as before, this entire 
group is transversely and outwardly slanted at its tops. 
Morcover, the hinges 132 of the rudders 128, 130 are 
‘mounted on still another slant so upon deflection of a 
endder, on coming air is redirected upwardly and out- 
‘wardly as shown by the flow lines and arrows iMlustrated 
in FIGS. 17 and 18. 

Also as illustrated in FIGS, 19, 20, 21 and 22, the cle- 
vons 60, 62 are equipped with unidirectional tabs 64, 
66. The left side 52 of the wing $0 is shown in these fi 
tures wherein in FIG. 19, the faired and normal cruise 
position is illustrated, Ta FIG. 20, the elevon 60 has 
been pivoted upwardly and the unidirectional tab 6& 
‘has pivoted in the same rotational direction as the ele- 
vvon 60 to enhance the overall effectiveness of their 
combination. In FIG. 21, the elevon 60 has been piv- 
‘ted downwardly whereas the unidirectional tab 64 
‘continues to pivot upwardly to reduce the overall effec- 
tiveness of their combination. The scope of overall 
travel of the elevon 60 and its tab 64 is shown in FIG. 
22. By using these unidicection tabs 64, 66 the elevons, 
{69, 62 are comparably effective and responsive when 
moved either upwardly or downwardly in relation 10 
corresponding degrees of elevon control movements, 
avoiding yaw drag, 

"These improvements in controls over those controls 
previously set forth ia U.S. Bat, No. 3,438,597 aid in 
the piloting of the aircraft 30 throughout all fight 
stages but they are particularly helpful at the very slow 
fying speeds. 

For example, in resect to the slanted or canted 
mounting ot positioning of the near vertical stabilizers 
122, 124 and the rudders 12%, 130, a dihedral effect is 
supplied. Also during a steep decent with the aircraft 
30 remaining level or near level, the slanted vertical 
stabilizers 122, 124, and the rudders 128, 130, create 
resultant conttol forces a air is deflected by thom 
When either rudder £28 or 130 is deflected itis effec- 
tive about at least to motion axos of the aircraft 30. 

















5. Use of Vortex Discharge to Dicect Air Over the 
Flight Conteo! Surfaces Located at and Near the Wing, 
Tip Trailing Edges 

In PIG. 3, the cumulative effect of the transverse 
spanwise radially fed lift vortexes 222, 224 and the 
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teansverse spanwise radially fed drag vertexes. 226, 
228, i shown by both the overall radial air ow indicat” 
ine fnos and the reseltant axial ait out fos indicating 
fiow lines arranged te present large directional arrows 
The latter arrows are curved rearwardly 10 indieste 
how the near vertical tabilizers 122, 124, and the cud- 
dors 328, 130 together withthe normal overall ir Row 
passing by the wings redizect the avially discharging ait 
from all the vortexes. As redirected the discharging 
vortet air passes directly over the wing Sip Might contol 
Surfaces: elevons 60, 62, horizontal staiizers 86, $8, 
and the rudders £28, 130. 

‘As 2 consequence at slower speeds when lit from the 
vortexes 222, 224 is being relied upon, the air passing 
‘over these wing tip controls is furnished by both the 
ania discharge sr from the vortexes and from the nor- 
inal overall air for passing by tae wings. When the for 
ward speed diminishes so the noceal overall at flow 

iil oF nonewistert, the air discharged fron the 
Vortoxes continues to flow by these wing tip control 
surfaces so they remain effective. 

6. Summary of Some Flight Control Sueface Move- 
ments to Obtain Diflerent Fight Dicections and At: 
twdes 

TUS. Pat. No. 2,438,597 many of the Fight charae- 
teristics ace given and none are withdrawn with respect 
© aireraft 30. However, to supplement thove Sight 
characteristies doseriptions, its aow to be remem 
bored that the slant or canted mountings ofthe nest 
‘ertcal stabilizers 122, 124 and rudders 128, 130, pro 
‘ide the aulded control at very low speeds ard ospe- 
Cially during decent as the aircraft remains level or 
neatly 80, 

‘Also at anytime during all ight speeds, the canted or 
slanted rudders 128, 130, with their canted hinges 132, 
Wnon defleted create a tide foree as well as a down 
Force. The side force for turning is the primary fune 
tion, However this doin force, being applied back of 
the center of pravty, results ina boneticial pitch up re- 
action which prevents alludes losses during ature 

“This rudder 128 movement, at before, slaces the bal: 
ance portion 136 of a adder over the wing to so0¥e 65 
spoiler. The change in the effective hit moves the cen 
ter of lift forward or pressure forward supplementing 
the pitch up action generated by the deflection of rud> 
der 128 as just discussed. Also this inward movement 
ofthe belance portion £36 of redder 128 creates drag 
feneroting w yaw reaction stich is Beneficial wil te 
spect to turning the aircraft 30. So, a: before, all the 
movements of most eonttol surfaces are additive to 
each other and often effective in a dual way to aid in 
piloting the aircraft 30. 

‘At Uines as fight continues when lift vortenes are 
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formed, the flow of air ever und neae the top surface of 
the wing is flowingiin the space where previously the air 
‘was flowing in the opposite direction at the higher 
speeds ofthe aircraft, Therefore there isan elimination 
of the drag previously existing at this lowale and what- 
ever new drag is formed in other locations does not 
seem to match it, 0 a performance gain is realized as 
the overall drag is veduced 

Team: 

1. A wing for an airerafe comprising asin ait foil 
member, a fist fap structure pivotally secured to the 
leading cdge of suid member for swinging movement 
between: a fist positon in which its auter surface forms 
smooth continuation of the upper surface of 
tain member and a second position in which tho tai 
ing edge of said flap structure is disposed a substantial 
distance above the upper surface of said mia member, 
said flap structure being so mounted on said rain 
member ws bo prevent flew of ait actween said flap 
structure and said main member wher sad flap occu- 
Piesstid second position, whereby aif generating vor 
{ex will be formed adjacent the upper surface of said 
main member reerwardy of said flap structure, and 
second flap structure pivolully secured to said main 
‘member adjacent the wailing edge thereof, said second 
Flap structure being movable between a first position in 
whieh it forms a smooth continuation of the wailing 
surface of said main member and a second position is 
Which itis inclined with respect 19 the surface of said 
main member, to dispose a portion of sid seeond Map 
structure a substantial distance above the upper surface 
‘f said main member, and said second flap structure is 
spaced rearwardly of tho tailing edge of said main 
member to provide a slot for ai 1 flow from the lower 
surface of said main member upwardly eround the eail- 
ing edge of said main member and forwardly into said 

2, A wing according to claim 1 wherein said main air 
Toil member is swept back at opposite sides of center 
Fine and wherein said first and second flap structures 
each include 2 pair of flaps, eack flap extending ou 
wardly from the region of said centerline toward the 
tip of saié main ait foil member 

‘3, The wing according to claim 2 wherein eid second 
‘Nap structuze at each sie of said centerline comprises 
«pair of Maps, one of suid pai of flaps being mounted. 
for movement upwardly of said main air fol member 
and the other flap being mounted for movement down- 
wwardly of said main air fol mamber. 

4. The wing according to claim together with a duet 
system in saiel min wr foil member Tor supplying air 
to said vorte 

















@hitps:/intrs.nasa.gov/searct 


AE~74=1054-1 





Investigation of the Kline-Fogleman Airfoil Section 
for 
Rotor Blade Applications 


Semi-Annual Report 
Hay 1 to November 30, 1974 


by 


Edward Lunsdaine 
William S, Johnson 
Lynn M. Fletcher 

dudith E. Peach 


THE UNIVERSITY OF TENNESSEE 
Knoxville, Tennessee 


tigation oF THE PSDSaEEAry 

Cy Fox Juror 

erianuual seport, 1 May 

2b yp ic Uneias 
CSL CIB 33/Te votes 











AE~74~1054=1 


Investigation of the Kline-Foglenan Airfoil Section 


for 
Rotor Blade Applications 


Semi-Annual Report 
Yay 1 to November 30, 1974 


by 


Edward Lunsdaine 
Willian S. Johnson 
Lynn M. Fletcher 
Judith €. Peach 


Investigation Conducted 
for the 


National Aeronautics and Space Administration 


under 
Research Grant NSG 1054 


December 15, 1974 


ABSTRACT 
Because of the sweeping claims made by Kline and Fogelman 1923 
(and the resulting national publicity) for a new wedgeshaped airfoil 
with a sharp Teading edge and a spanwise step discovered in paper model 
Flights, paranetric wind-tunnet tests were conducted on this airfoil to 
determine its aerodynamic performance. The airfoil was tested with 
variations of the following parameters: Reynolds number, step locations 
step shape, apex angle, and with the step on either the upper or lower 
surface. These results are compared with a flat plate and with wedge 
airfoils (without step) with the same aspect ratio. A standard NACA 
65-(10)10 airfoil as well as two delta wings were also tested. Water 
table tests were conducted for flow visualization; these results show 
that the flow separates fron the upper surface at low angles of attack 
which is typical of thin airfoils and flat plates (leading edge sepa~ 
ration). 

The wind tunnel results show that for this new airfoil the 
Vift/drag ratio ts lower than for the flat plate, and the pressure 
data show that the airfoil derives its lift the same way as the inclined 
flat plate. This airfoil offers no discernable advantages over the 
conventional airfoil. The observed stability of the paper model (with 
high swept back angle) is primarily due to the sharp leading edge vortex 
Tift phenonenon. Thin airfoils operating at low Reynolds nunbers exhibit 


similar stability characteristics, 


ole 


INTRODUCTION 

The Kline-Fogelman wing first caught the attention of one of the 
authors in a Time Magazine science section article |, The claims in 
that article include one made by Kline (an advertising art director) 
of having somehow violated Bernoulli's principle with an airfoil dis- 
covered accidentally while flying paper model planes. The article 
further clateed that Kline had “inadvertently stumbled on a whole new 
field of aerodynamics. 

It is easy to dismiss these claims as far-fetched since Bernoulli's 
principle can be derived fron conservation of eneray, and thus violatic. 
of this principle could be included in the category of “perpetual mation 
machines." Curiously, a great deal of favorable national publicity 
has been given to this airfoil®, and a patent was issued®, Recently, 
plastic models of this plane have appeared in department stores, with the 
same claims, After observing a denonstration, Aeronautics Professor 
John Wticolaides of the University of Notre Dane, was quoted as being a 
“believer in the Kline-Fogelman plane’, 

Figure 1 shows a chordwise section of the Kline-Fogelman airfoil. 
The claims in the patent include the sharp leading edge, straight upper 
and lower surfaces, and the step, In looking at this model it appears 
that the stability is derived fron its sharp leading edge (vortex lift) 
and, at low Reynolds nunbers leading edge separation is known to be very 
stable, The step appears to serve only te increase the drag at low 


angies of attack. it is also known that the lift/drag ratio for this 


type of stable delta wing ts quite low (4,5,6). 


Figure 1 Kline-Fogleman Airfoil Section 


In a private discussion, Mr, Edward C, Polhamus of Langley esearch 
Center, who is well-known in the study of vortex lift fran delta wing air- 
foils, revealed that he had made a preliminary study of the Kline-Fogelman 
airfoil and concluded that the airfoil offers no particular advantage over 
conventional airfoils. 

Near the end of the test program reported herein, results were pub- 
ished of recent tests conducted on this airfoil by Messrs. Delaurier and 
Harris of Battelle”. The results presented here are in agreanent with 


their findings though much more extensive, 


ACKNOWLEDGEMENT: This study was made possible through a summer work 
progran for undergraduate minority and wonen engineering students 
sponsored by KASA-Langley. Or. Eugene Hammond of NASA spent many hours 
assisting in the preparation of these tests; his efforts are greatly 


appreciated. 


EXPERIMENTAL SETUP 


AL 





wind Tunnel and Instrumentation 

The wind tunnel was of the standard open type and Figure 2 shows the 
test section with model no. 12 mounted on the balance, The balance incor= 
porates strain gages to measure lift and drag up to a maximum of 2 Ibf. The 
balance was equipped with a d-c drive motor for renotely varying the angle 
of attack and a potentiometer for angle readout, In an effort to produce 
two-dimensional flow, plates were employed at the two ends of the airfoil. 
However, the top plate was ineffective due to the clearance which was nec+ 
essary for free movement of the airfoil. Removal of the top plate had no 
discernable effect on the results. 

Figure 3 Shows the instruments employed in the study, Lift, drag and 
angle of attack were read out on digital voltmeters while test section 
Pressures were measured with a differential transducer and read on a 6-LV 
type output device. The schenatic of this instrumentation hookup is 
shown in Fig, 4. The static pressure distribution over selected models 
was read out on an inclined manometer. A check test was conducted at The 
University of Tennessee using 2 50 pound balance and an airfoil having a 16 
inch span and a 4 inch chord, The results of this test were in good agree 
ment with those reported herein. 

A total of 14 models were tested in the wind tunnel, Figures 5 and 6 
show 10 of the 14 tested. Table I gives a summary of the geonetric para= 
meters of each model. 
hater Table 

Flow visualization using hydrogen bubbles was employed with a standard 
48 in, x 18 in. Scott-Amfield water table, Model 9093, Comparisons were 


made between 2 XIine Fogleman airfoil with a 20° 2pex angle and a fiat plate, 


“45 


C. Test Procedure 
For each model tested, lift and drag were determined as a function of angle 
of attack for angles from O° to 360°. This produced data with the step on both 
the upper surface and lower surface in addition to other data not reported 
herein. These data were taken for tunnel dynamic pressures of 5, 10, 15 and 20 
PSF which produced a Reynolds number range of 60,000 to 135,000. In addition, 
static pressures were determined over the airfoil surface at verious angles of 


attack for models 8, 9 and 12 which were equipped with pressure taps. 


DISCUSSION OF RESULTS 

Figure 7 shows the influence of Reynolds number. It appears that in a range 
of 60,000 to 136,000 the Tift coefficient is not grossly affected by Reynolds nun- 
ber variation. The results of Delaurier and Harris (7) are for a Reynolds number 
of 20,000 which is representative of "paper airplane” conditions. The influence 
of step height as illustrated on Figure 8, shows that increasing the step height 
decreases the lift at high angles of attack. As the step height becones smaller, 
‘the lift curve approaches that of a flat plate. Thus, it appears that the step 
merely decreased the Tift. The effect of the step on drag can be observed in 
Figure 9 which shows that the step acts to increase the avag. 

If the airfo¥l is turned upside down (step up position) both C, and ¢,/Cp 
increase significantly as shown on Figures 10 and 11. This 4s in agreement with 
sone prelininary measurements by Nicolaides (8). If an atrfot? ust operate 
continuously at an angle of attack higher than 20 degrees, the upside-down KIine- 
Foglenan airfoil with a fairly thick step (approximately 0.25 chord) appears to 
have an advantage with 2 higher C) and a higher C,/C, than a flat plate or the 
WACA airfoil. This achievement of maximum lift at high angles of attack is 


typical of airfofls wnich derive their lift from leading-edge vortex phenomena. 





Figures 12 and 13 point out the influence of step iocation (1/4 chord, 1/2 
chord and without step). Moving the step torward increases the lift at higher 
angles of attack but decreases lift at loner angles of attack, Tne lift/drag 
ratio of these three airfoils remained about tne same indicating that moving the 
step to increase Tift would produce a corresponding deag increase. Sone tests 
were conducted with an open slot, These results are not presented herein, but 
are substantially the sane as with the solid airforls, 

Results from a delta wing with 2 30 degree taper are shown on Figures 14 
and 15, Comparison between the stepped delta madet and the flat plate delta 


model show the same behavior as was found in the rectangular planform models 


Figures 16 and 17 show photos of the vortex patterns around a flat plate and a 


stepped airfoil at approximately the same angles of attack. It is quite evident 
that the Teading edge separat*on and overali flow patterns of these tho shapes 


are quite similar. 


CONCLUSIONS. 
From the scope of this test program 11 can be concluded that the stepped 
airfoil offers little or no advantages over the conventional airfoil or flat 
plate, and in mast configurations 1s decidedly inferior in terms of both lift 
and lift/drag ratio. Tests tnvolving vartations in the step geonetry (loca- 
tion, size and shape) indicate quite conclusively that the I1ft 1s primarily a 
Yeading edge phenomenon which reaches o maximum when the step is not present. 
Khen the stepped airfort is turned upside down {with the step on top of the 
airfoil} there is a marked increase tn both ‘ift ang 11ft/drag ratio but these 
are still below the levels for conventional airfoils except at very large 
angles of attack. As noted 1n Reference 7, the artching moments of this type 
airfoil tend to be slightly positive, which may have advantages in some appli- 


cations. 
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Figure 6 - Test Models 
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Wind Energy Extraction by Birds and Flight Vehicles 


Peter Lissaman* 
Da Vinci Ventures, Santa Fe, NM 87505, 





When a bird or flight vehicle is oriented with a component of its lift vector aligned with 
the natural wind work is done on the flight system. Consequently, by suitable maneuvers, 
variations in wind speed can be used to add energy to the system. These procedures are used 
by albatrosses and many other birds. ‘The equations of motion are simplified by normalizing 
by the minimum drag speed and integrated numerically for control cycle involving angles of 
attack and bank. An energy neutral cycle, by which the vehicle returns to initial velocity 
and height with no power input depends only upon the maximum lifv/drag ratio of the 
vehicle and the wind speed variation. The minimum speed difference occurs for a vertical or 
horizontal step in wind speed. For a continuous wind profile a variational method is used to 
find the minimum gradient for a neutral energy cycle. Simple expressions are derived for 
the minimum wind variations for these two cases. ‘The oceanic boundary layer, and the 
shear layer downwind of a ridge are also studied, and neutral energy wind criteria derived 
for them. Birds and small UAV’s, with flight speeds comparable to atmospheric wind 
variations, can profit from wind energy extraction. 




















‘Nomenclature 


= constants for fixed bank trajectory 
drag 
profile drag at cruise speed 
induced drag at eruise speed 
‘unit vector in direction of relative wind 
maximum value of LID 
acceleration due to gravity 
normalized height above reference 
maximum circuit height 
height of wind shadow in lee of ridge 
reference height for ridge wind flow 
unit vector in horizontal direction 
unit vector in vertical direction 
ratio of lift coefficient to that for maximum L/D 
li 
liftto drag ratio 
unit vector in direction of lift 
vehicle mass 
normal acceleration, normalized 
‘dynamic pressure normalized to that for max. L/D 
initial value of Q 
value of Q at 
value of Q at 
dynamic pressure at cruise speed. 
normalized distance along flight path 
speed 
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normalized inertial velocity vector 
normalized components of velocity in inertial space 
cruise speed 

velocity vector 

normalized wind speed 

wind speed at reference height 

wind speed at maximum circuit height 

normalized horizontal distance in U direction 
normalized horizontal distance in V direction 
change in wind speed 

change in flight speed due to drag 

inclination of drag force to the horizontal 

azimuthal angle 

angle of bank about axis parallel to wind 





1. Fundamentals of Energy Extraction and Dissipation 


Consider an unpowered vehicle (bird or sailplane) operating with an inertial speed, V, and height, h, with respect to 
some ground reference. In zero wind conditions it experiences an airspeed equal and opposite to V. Its total energy 
per unit mass with respect to the ground reference can be expressed as an equivalent height, H., defined as 

h+ V2g. Itcan climb, turn, dive and execute maneuvers, although these will be performed at the expense of total 
energy, H.. Drag acts in the direction of, and in opposition to, the motion, while lift is normal to the motion. As a 
result, drag always does work on the vehicle while lift forces cannot. Gravitational forces perform conservative 
‘work on the vehicle, so that if the potential energy, h, is included in the total energy then H, is always reduced by 
drag forces, or dissipated, regardless of the vehicle motion, while lift forces cannot change H.. This is a 
fundamental consideration, 


If the vehicle operates in a wind field so that the airmass has a speed relative to the ground reference, then the 
aerodynamic forces are a function of the local airspeed, the vector sum of the inertial speed and the local wind 
speed, The vehicle response is a function only of the aerodynamic forces but changes only the inertial speed. It is 
‘now possible for the wind to do work on the vehicle which increases its total energy. H., as described below. 


For the wings level ease of climb into wind, the inclination of the relative wind to the horizontal is shallower than 
the actual climb angle. As a consequence, the lift is not orthogonal to the flight path, but inclined forwards, so does 
‘work on the vehicle, increasing its energy. For a downwind dive the same mechanism does work on the vehicle and 
again adds to its energy. A similar situation occurs in level flight during a banked downwind turn (“downwind turn” 
is defined as one in which flight direction changes from upwind to downwind). ‘The lift vector is inclined towards, 
the center of the flight path, and a component of the wind also acts in this direction, so does work on the vehicle, 
In the case of a level upwind turn, however, negative work is done on the vehicle. So, in the course of a general 
‘maneuver cycle consisting of an upwind climb, downwind turn, downwind dive and an upwind turn to complete the 
cycle work is done by the wind during the first three legs of the trajectory. A simple rule is: “belly to the breeze, 
indicating that any orientation of the vehicle in which the lift vector is inclined in the direction the wind is blowing 
‘will enable the wind to do work on the vehicle 





In order to extract energy from the wind in a circuit the vehicle must fly in regions of different wind speed during 
this cycle. A wind shear profile with wind speed increasing with height is not necessary, although this is what 
usually occurs in the earth boundary layer. 


‘The simplest manifestation of wind variation for dynamic soaring is that of an infinite gradient, a horizontal shear 
layer above (or below) the vehicle so that the vehicle can enter the high-speed flow with negligible change in height. 
‘To exploit this, the vehicle enters the wind flow from the calm, flying upwind, executes a 180" downwind turn in the 
‘wind, drops out of the wind back into the calm and then makes an upwind 180” to return to the start with no 
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significant change in height. This maneuver can be flown by a vehicle operating under (or above) a shear layer of 
very small thickness so that by small changes in height it can immerse itself in either steam. ‘This is the most 
efficient way of extracting energy because no energy is lost in climbing, or diving, to seek out the energetic wind 
flow, The only parameters involved in the flight mechanics are the drag and AW, the wind speed step. 





‘The energy increase is estimated as follows. The vehicle, with an initial inertial speed of V in calm air enters a head 
wind of speed AW. The airspeed now becomes V+AW. The vehicle completes a 180” level turn to finish flying 
downwind at an airspeed of V+AW - AVp, where AVp is the speed loss due to drag. It re-enters the calm with an 
airspeed and inertial speed of V+2AW-AVp. It entered the headwind flow with an inertial speed of V, and departed 
‘with an inertial speed of V + 2AW- AVp. The difference in kinetic energy between these states is the work done on 
the vehicle by the wind minus that due to drag dissipation, For the return leg of the upwind turn, the loss is again 
approximately AVp so that the final speed change in the cycle is 2(AW-AVp), illustrating that the work done by the 
‘wind must balance that lost in drag for no energy change in the cycle. 


‘Another energy extraction case due to flow speed differences occurs when there is a region of higher speed flow 
horizontally adjacent to the calm with a thin shear layer in the vertical plane separating the airmasses. This is a 
vertical shear layer, such as occurs downwind of the sides of an obstacle atthe edge of the wake. In this case the 
vehicle flying into the wind from the wind shadow, drifts laterally to enter the headwind, climbs, gaining energy and 
then moves laterally back into the adjacent calm where it can execute 360° turn and dive to return to the original 
state with increased energy. 


‘A common natural flow state is that of the planetary boundary layer (PBL), where wind speed increases with height. 
In order to enter the energy bearing higher speed flow. the vehicle must climb, which involves penalties in increased 
ddrag and length of flight path. ‘The simplest mode! is to postulate a Linear ind profile with a uniform shear, s, as the 
driving parameter and the maximum lift/drag ratio of the vehicle as the energy loss parameter and to determine the 
‘minimum s for a given G. The least restrictive cycle constraint is to require only that the original velocity vector 
and height are regained. Normally the vehicle will not return to its inertial space starting point at the end of a cycle. 
In this case, because the cycle is not closed, we refer to it as a “loop”, 








Il. Normalization of Equations of Motion 


‘An unpowered vehicle is subject to aerodynamic and gravitational forces. ‘The aero forces are a function of the 
angle of attack and airspeed. The response following Newton's Law can written: 


Mayidt = 





dL Mek a 


Where M is the mass, ¥ the vector velocity in an inertial frame, D’ the drag parallel to the relative wind with d the 
unit vector in the direction of airspeed relative wind and L’ the lift normal to the relative wind and in the plane of 
symmetry of the vehicle, with I the unit vector in this direction. The unit vector k is vertical, 


‘The equations can be normalized by the cruise speed, V*, defined as the speed at which the vehicle has its minimum 
slide angle, or maximum L/D. This maximum is called the glide ratio, and denoted by G. Dynamic pressure for this 
state is q* and at this dynamic pressure the profile drag and induced drag are given by D*,,.D*, with D*, 

‘The minimum drag is given by D*, + D*, . The ratio of dynamic pressure to that at minimum drag, q is defined by 
Q ( a/4"), while the ratio of lift Coefficient to that at minimum drag is given by L.. "Time is normalized by V*/2, 
and length by. V*"/g. Dividing by weight, W (= Mg), and normalizing provides for the non-dimensional vector 
acceleration: 





AViAT =| DW) d +{ L/W) +k 2 


‘The drag, D’, consists of profile drag, proportional to dynamic pressure, and given by W(D*,Q}. plus induced drag, 
proportional to dynamic pressure and lift coefficient squared, and given by W(D%L‘Q}. The lift L’, is proportional 
to dynamic pressure and lift coefficient and given by W(LQ). Substituting the above provides: 
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aViaT = QUI (14 





2G jd+LI] +k 8) 
‘The normal acceleration, N is given by N= LO. 


‘The above equation defines the vehicle motion, and it is seen that the only parameter is G, the maximum lift-drag 
ratio, Controls are exerted by L, which is a function of angle of attack, and controlled by elevator (or similar tail 
aerodynamic mechanism for birds) and 6, inclination of the lift vector, controlled by ailerons or wing twist, which 
dictates the bank angle, 


‘The normalized relative wind, W, is given by W, = V + Wi assuming the normalized inertial speed of the wind is W 
and its direction isin the horizontal , direction, that is orthogonal to the vertical denoted by k. From this vector the 
direction and magnitude of Q can be calculated. 


Generally, practical limits are imposed on Q by structural factors relating to the never-exceed speed of the vehicle 
(about 2.5 for modem sailplanes), on L by aerodynamic factors relating to maximum lift (about 2.0 for modern 
sailplanes), and on N (=LQ) by structural factors relating to wing bending (about 5 for modern sailplanes). It is 
likely that all these limits are lower for birds than for those of mechanical aircraft. 





III. Fundamental Sachs Solution 


Sachs (1994) has set the fundamental problem of determining the minimum linear shear required for a vehicle to fly 
a cycle which returns to the same height and speed vector, but not the same inertial location. This is called an 
“energy neutral” loop. A variational procedure was employed using the exact equations of motion. This produced 
an optimal bank and lift routine as a function of wing loading and G. This energy neutral trajectory requires extreme 
‘maneuvers ~ dynamic pressures vary by a factor of 16, G loads, defined by N, vary by a factor of 8, drag coefficients 
by about 4, while bank angles go from zero to 80°. This loop is of importance in establishing an exact lower bound 
for energy neutral cycle operating in a linear shear. As noted in the following paragraphs, although this loop is, 
optimal in requiring the minimum gradient, the cycle requires a long time to execute, a lengthy flight distance, large 
height gain atthe upwind end and a significant downwind drift for each loop. 


IV. Development of Equations of Motion 
General Equations in Inertial Frame 
‘The equations derived above in vector form are re-written in scalar form in an inertial orthogonal Cartesian 


coordinate system fixed in the earth. The normalized inertial horizontal, lateral and vertical velocities. U, V. W. 
‘moditied for various inclinations, become: 








du_ 1 F : 
DB ~-1(9+N7/Q)cos.acos x ~ N(sinwcos z cos 9 + sin x sin 4a) 
a a6 (o 2) 4-N( Zeosg +sin x sind) 
qv é ‘ 
MW =-L(0+.N?/Q)cosasin x — N(Ginasin z cos ~cos zsin aby 
Fdaek TH (o Q) 4-NG Zeos@ —cos zsing) 
awit ‘ 
A =—(0+N?/Q)sina-N cosacosg+1 4e) 
rag et NO) $ 


Here the symbols are all non-dimensional with their conventional meanings. 


‘The non-dimensional airspeed squared, Q, is defined as: 
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Q=U+wey+ (5) 
where W(H) is the normalized wind at the appropriate height. 
‘The orientation of the vehicle is in general three dimensional and defined by three angles, a, x and §. The angle a, 


the inclination of the drag force to the horizontal, identical to the angle of the relative wind to the horizontal, is 
defined by: 


sina=W/ JO (6) 
‘The azimuthal angle, 7, is given by 
tan y=V/(U +W*) m 


while the bank angle, §. is defined as roll about an axis parallel to the relative wind with zero being wings level. 
‘The bank is positive in the clockwise sense viewed from the rear (right wing down) using a right hand serew rule 
oriented with this axis 


‘The inertial position, X, Y, His defined by 





dXMT =U, YT =V, did =-W 8) 
‘where H represents height measured positive upwards, in the opposite direction to Z, which is taken downwards for 
this coordinate system. ‘The above equations, 4a.b.c are compact expressions of the dimensional equations used by 
Sachs, 


‘The above set was solved, using fourth order Kutta-Runge, for an arbitrary lift ratio, L and bank, 6, schedule, ‘The 
lift and bank controls were specified at twenty equidistant time intervals on the cycle and the integration was 
performed using 400 equal time intervals per cycle. It is useful to compute the total energy, H,, at each step to 
check the accuracy of the numerics. Setting the wind speed to zero for any time step must give a negative change in 
H 


Analytic Solutions 


‘The equations above can be integrated exactly in the case of no wind for some special cases. Two particular cases 
are those of wings level constant angle climb or dive and of constant bank angle, constant height tum. ‘These are 
useful for checking numerical methods to determine step size in the numerical procedure for acceptable accuracy. 
‘They can also be patched together as approximations of smooth trajectories. ‘The solutions are listed below. 


Wings level. constant N 


For the case of an unpowered wings level climb or dive at an angle of 0, the normal acceleration, N, is constant and 
given by N= cos@). The equations of motion can be integrated analytically to provide the dynamic pressure Qs after 
a distance § from the intial state of Qy by the expression: 











(Qs - ay" MQ, = by’ = ay" KQ, — bye" co) 





2, 


Here a, b are defined as the roots: 
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a,b =-Gsind + (Gsind) (10) 


For the level flight case (@ = 0) the above expression degenerates, but using the basic equations gives the final 
dynamic pressure as: 


(Q, +I) =(Q. +e"? an) 


‘The final dynamic pressure is a function only of flight path angle, 0, distance flown along the flight path, S, and 
alide ratio, G. 





For the case of an unpowered constant height turn at constant bank angle, @, and constant N the equations of motion 
ccan be integrated analytically to provide the dynamic pressure Qy after a tum through the azimuth angle by the 
expression: 


Q® 





N tan{[atan(Qy /N)] - B/EGsing]} 2) 


Here Qy is the dynamic pressure ratio at @= 0 and Qy the value at . ‘The final dynamic pressure is a function only 
of normal acceleration, N. turn angle, B, and glide ratio, G. 


V. Validation by Comparison with Sachs Open Loop Optimal Case 


‘The Sachs (1994) result for optimal trajectory is not a closed circuit in inertial space. As shown in Fig. 1, it is a 
hhairpin-like open loop where the Vehicle starts flying cross wind horizontally, banks into wind climbing to 
‘maximum altitude, performs downwind 180° tum, dives towards original height and then banks to return to 
crosswind flight. This figure is drawn to scale for a reduced length scale of unity, and G of 45, 





Fig. 1 Typical trajectory for energy neutral loop in linear wind shear. 
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‘The vehicle retuns to its original kinematic velocity state and height, but not the original position. I covers ground 
in a crosswind direction and drifts downwind. ‘The ease analyzed by Sachs for a vehicle of 35 kg/m’ wing loading 
and G = 45 maximum lift to drag ratio was repeated using the present formulation. ‘The bank angle and lift ratio 
schedule quoted by Sachs was used to exercise and validate the present code. Sachs defined the vehicle by wing 
loading and G, and does not quote cruise speed. To check the present code cruise speed was varied until the loop 
‘matched that given by Sachs. A good match was obtained for a speed of 26.8 mis. ‘The shear gradient, s, for an 
energy neutral loop was 0.0324 per second, normalized by cruise speed, this gives the non-dimensional shear, S, of 
(0.089. The control schedule was that used by Sachs and is shown as Fig. 2. ‘The “clipped” top of the L schedule is 
caused by Sachs imposing  C\ ax limitation on the control. Principal characteristics ofthe loop are a circuit period 
of 89 time units, maximum speed of 3.0 speed units, a maximum bank of 68°, a total climb of 45 units, a erosswind 
displacement of 4.5 units and a downwind deft of 1.8 units 
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Fig. 2 Control schedule developed by Sachs. 
‘As a consequence of the normalization the critical shear, S, can be a function only of G, so that $ = S(G). It is of 
interest that by using this normalization all of Sach’s data, for all yehicles in all linear shear flows, can be 
approximately collapsed to the simple form expressed by the equation: 


8=4.006 (13) 





Sachs results are for G = 20 ~ 80. The above expression is a good approximation for G within this range. A more 
precise determination of the function S(G) could be made by using the variational method to compute § for G values 
below 20, and refining Eq.13, 





‘Open Loop, G = 25, Linear Wind Shear 


Modern sailplanes have glide ratios in excess of 40, No bird performs as well. A reasonable G value for an 
albatross is about 25 with a cruise speed of 1S mis. This G value is used in all following calculations so that they 
will be applicable for comparison to observed performance of large birds. For the open loop G = 25 case the bank 
and lift ratio schedule developed by Sachs for G = 45 was used. Surprisingly, even for G = 25, this gave an 
adequate control schedule for an energy neutral open loop at an S value of 0.16, as predicted by the above equation. 
‘The loop has a shape similar to the G= 45 case. Principal characteristics for this glide ratio, (with the G = 45 result 
is shown in parenthesis) are a circuit period of 9.0 (8.9) time units, maximum speed of 3.0 speed units a total climb 
of 4.8 (4.5) units, a crosswind displacement of 5.8 (4.5) units and a downwind drift of 3.2 (1.8. 
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‘The control schedule, shown in Fig.3 can be a function only of G. It is, in fact, almost independent of G, as shown 
in numerical results quoted by Sachs for different G cases. ‘The optimal control schedule is not very sensitive to 
small changes. An ad hoc sensitivity study was made to determine the precision required for the bank and lift 
schedule. It was found that a very simple, but smooth, schedule, arbitrarily selected to consist of Fourier cosine 
series with only a few terms (three for lift ratio, L, two for bank angle, 6) gave almost identical final performance. 
‘The two schedules are shown in Fig. 3 
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Fig. 3 Optimal control schedule compared with simplified Fourier schedule. 
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Fig. 4 Ground tracks for open loop energy neutral trajectories 
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‘The ground tracks for two open loop canonical cases, G = 45, 25, with a linear profile are shown in Fig, 4. The loop 
satisfies the energy neutral condition, but itis not necessarily the optimal control routine 


Closed Circuit, G 





. Linear Wind Shear 


As has been noted, an alternative, but more demanding, objective is thatthe cycle should return not only to the same 
inertial speed and height state but also to the same inertial position. We call these closed cycles “circuits”. This is a 
‘more restrictive constraint, and requires a stronger shear than the simple energy neutral “loop”. The circuit yields 
‘more options for navigation in any arbitrary direction. For example, the circuit will permit orbiting about a given 
inertial position indefinitely, while the minimal energy neutral loop would involve a steady downwind drift 











A wial and error procedure was used to define a control schedule for such a circuit, The solution indicates that a 
shear value of 0.17 is required. ‘The open loop requires 0.16, 


Principal characteristics of the circuit were a circuit period of 8.6 time units, maximum speed of 3.0 speed units, 
total climb of 4.5 units, a crosswind displacement of 0.0 units and a downwind drift of 0.0. This cycle, which 
provides more range access for the bird, does not require a significantly higher shear than the minimal loop. 


‘The control schedule was first approximated by adjusting the schedule by hand and observing the result. This gave 
circuit which matched the closure conditions but involved a somewhat irregular schedule, A solver code with 40 
‘unknowns (Lift ratio and bank at 20 stations) was then constructed and a solution obtained for eight conditions (U, 
V,W. X, Y, H, L, @) returning to T= 0/state. Because there are many more variables than constraints, this can be 
satisfied by an infinity of schedules, but the apparently smoothest schedule was selected, 
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Fig. § Comparison of Control Schedules for two energy neutral circuits 


tis of interest small variations in the schedule will still give a satisfactory solution, as is the property of an 
extremal. ‘The schedule selected cannot be the theoretical optimal, but must be close. The final smooth schedule, 
called Schedule 7, is used here. The differences between it and the first ‘ad hoe’ solution, called Schedule 1, are 
shown in Fig. 5. Both schedules produce energy neutral circuits, 





‘The fact that an acceptable energy neutral circuit can be obtained from a fairly crudely controlled schedule is of 
interest in dynamic soaring by birds, suggesting that extreme precision, which could not be achieved by the bird in a 
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natural, variable wind shear, is not necessary. Temporal variations in wind profile must be particularly tying for the 
bird to handle. The period of a circuit is about 10 so that for a bird with cruise speed of 15 mvs the period is about 
15 sec., and it becomes necessary for the bird to control its trajectory anticipating a likely wind profile that will 
‘occur about 7 1/2 seconds in the future. 


Closed circuit, G 





5 in Step Shear 


‘A fundamental wind shear model is that of step shear, expressed as AW and discussed qualitatively in the first 
section. The existing codes were used to exactly compute a cycle of this nature to give quantitative results. ‘The 
circuit analyzed here is not optimal, but itis a possible flight path and provides an upper bound of the AW required. 
‘The procedure was as follows, 


‘The optimal bank was determined for a 180° constant height turn as a function of entry speed. Such an optimum 
exists because a shallow bank will expend less energy per unit distance, due to reduced induced drag, but will 
require a longer distance to complete the turn. The downwind turn takes place in the wind field, starting upwind. 
‘After the 180" turn the bird enters the zero wind field at the same inertial speed, and selects the optimal bank for 
180 upwind turn. A short straight and level segment is required to regain the ground lost during the downwind drift. 
to return to the starting point. ‘The wind speed is selected so that the final speed returns to the initial value. ‘This 
process was iterated over a range of flight speeds to determine the minimum wind step, AW, required for a complete 
sit. For G = 25, the wind step, AW is calculated to be 0.19. For other levels of G the wind step, AW, was 
calculated numerically using the above procedure. The results can be expressed to a good approximation by 














AW =4.75/G ad) 
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Fig. 6 Ground tracks for fundamental open and closed trajectories 
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Ground tracks for these loop and circuit trajectories are shown in Fig. 6, Examination of this figure shows the 
sitiking result that the length of the flight path, and time of eycle is much shorter for the step shear case than the 
period for the linear shear case. 


Circuits with Planetary Boundary Layer Wind Profiles. 


Because of mixing in the lower layers of the atmosphere, the PBL normally has profile in which the speed 
increases while the shear gradient reduces as height increases. ‘The actual natural profiles vary widely. depending on 
heat flux, surface roughness and wind speed itself. Consequently, there is no particular characteristic profile to 
choose for fundamental calculations. Two possible, but not general, profiles.are chosen for illustration: ridge flow 
and oceanic flow. 


Ridge flow is the profile created by an obstacle to the flow, where the vehicle emerges from a zero speed wind 
shadow into a typical separated PBL. Tis occurs naturally when a vehicle climbs from dowawind and below a 
ridge into a normal wind flow, or in the separated flow in the lee of an ocean wave. This is a practical 
approximation of the ideal step shear case already discussed. The important feature of this type of flow is that very 
extreme wind shears occur, and the vehicle can make its return path sheltered by the wind shadow, thus pays no 
penalty of downwind drift or of energy loss during the upwind turn. ‘This wind model has recently been studied by 
Sachs and Mayrhofer (2002). ‘They used a wind profile ofthe form: 


w=0, HeHy, 
W=W((-H)VEI®, BDH) as) 


where m= 0.2 and Hy = 0.097 and H, = 0097 was selected. Hy represents the vertical extent ofthe calm below the 
ridge in which the vehicle makes the upwind turn, At the scale used by Sachs and Mayrhofer this is about 10 m. 
Results are shown in Table 1. For the high performance vehicle of G = 45 it is noted that there ix small 
diserepancy between the results of Sachs and Maythofer and those of the present paper. ‘The reason for this is 
‘unknown, but may bein numerical round-of erors. Sachs and Mayrhofer do not provide a solution for the G = 25 
ase, which has heen calculated by the present method and is shown in Table I below: 

















Speed Parameters for Ridge Flow 


G Hy we Wow. Source Profile 
450.007 0.097 0.114 Sachs &@M_—_ Ridge 
450.007 0.070 0.104__—Present Ridge 
25 0.097 0.133. 0.198 Present =———Ridge 


‘A possible PBL profile above the ocean for some flow states can be represented by the Sachs model with Hy 
‘The present model was exercised for this for the case G = 25, and provided the loop having Haas = 0.80, with the 
other parameters shown in Table I. This provides a trajectory and performance between that for the linear profile 
and the step shear, as is expected. 





‘Table I Speed Parameters for Oceanic Flow 


G We Waue Source Profile 
25 0.00 0.163 0.249 Present = Oceanic 


‘Maximum Wind Speed for Basic Profiles, 
Four types of profile are modeled to provide basic flow cases: step shear, linear shear, ridge flow and oceanic flow. 
‘The first two are mathematical ideal cases, the latter represent idealizations of real flows. Energy considerations of 
these types are discussed below. 

Energy addition always occurs through coupling with the wind speed during the downwind tum consequently it is 


the maximum wind speed that is the fundamental criterion for an energy neutral circuit. ‘The vehicle must climb in 
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corder to reach this energy bearing flow. But drag energy is expended during the cycle so that the required 
‘magnitude of the upper level wind depends on how much height (and drag loss) must occur in reaching i. 


‘Minimum upper level wind speed occurs for the case of a step change in speed, a vertical sharp-edged gust, AW. 
‘The next most favorable case, ridge flow, is similar, where the return loop occurs in calm conditions, under the wind 
shadow of an obstruction. For a normal PBL, as experienced by oceanic birds, the situation is slightly less 
favorable, since part of the upwind turn is made in lower level wind. For the linear shear the most unfavorable 
condition occurs, ‘These four cases have been calculated, all for G= 25 and for a neutral energy circuit. They are 
summarized in Table II below. 





‘Table 11 Maximum. ipeed and Height for Basic Profiles 
G H, Fe Wome Profile 
250.000 0.000.167 Step Shear 
25° 0.097 O81 .198 Ridge Wind 
250.000 0.800.249 Oceanic Wind 
25 0.000 4.500.757 Linear Shear 


‘The table shows the height at which the wind flow starts, Hy, the maximum height, H.. and the maximum wind 
speed, Waus. Fequired for an energy neutral circuit, The difference between the first two cases is not extreme. For 
linear shear a large height change and wind speed is required to extract the requisite energy. Oceanic flow lies 
between these cases. Since operating conditions for birds and gliders more closely match the first three cases, itis 
apparent that energy extraction from natural winds and ridge conditions requires less extreme profiles than are 
predicted using the linear model. 
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Fig. 7 Wind profiles for basic cases 
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‘The wind profiles for the basic cases are shown in Fig. 7. It is seen that the cases of ridge flow and oceanic flow 
require quite modest wind speed changes. and small changes of height through a cycle. For example for an albatross 
of the characteristics specified to perform in an energy neutral cycle in an ocean houndary layer the wind speed 
‘would have to rise from zero at sea level to about 3.7 m/s at 18 m, 


VI. Conclusions 


‘The basic dynamics of energy extraction from wind variations is described. ‘The wind will do work on a vehicle if 
there is a component of the lift in the direction of the wind. For the most extreme wind gradient, a step, the required 
step magnitude, AW, is equal to the speed loss ofthe vehicle in a 180° constant height turn, ‘The equations of motion 
are normalized using cruise speed (speed for minimum drag) and the acceleration of gravity, In the normalized 
form, the only parameter required to describe the vehicle drag is the maximum lifVdrag ratio, G. The control 
variables are the lift coefficient and the bank angle, which, forthe classical aircraft, may be selected by elevator and 
aileron and, in the ease of birds, by their omithic flight control system 





For the case of a linear wind profile the trajectory for absolute minimum wind shear is an open loop, called an 
energy neutral circuit, which retums to original speed and height, but to an inertial position displaced crosswind and 
downwind. For this case the minimum normalized gradient, S, is given by 4.00/G, while for the step gradient the 
speed change, AW, is given by 4.751G. 


By testing various control schedules, it is found that the exact optimal schedule for minimum wind shear, as 
developed by Sachs, need only be approximated, 


Other wind flows are studied, including that of a closed cireuit where the vehicle returns to its original height and 
speed and inertial position. This requires a slightly higher gradient than the open loop. Other wind flow cases 
involve the energy neutral loop in a boundary layer-like profile typical of an oceanic flow and in one characteristic 
of the flow downstream of a ridge. In terms of the maximum wind required for an energy neutral cycle the lowest 
‘wind speed case is the step. followed by the ridge, followed by the oceanic and finally by the linear shear, which 
requires about four times more wind speed variation than the step case. 


‘The modest wind differentials, and relatively crude control schedules required for the cases of ridge-like flow and 
‘oceanic flow suggest that these loops and circuits are a fairly simple routine for birds to use in extracting energy 
from the wind, and that natural wind flows of sufficient speed differential are ubiquitous. 


Results from the above conclusions are summarized below: 


1. Fundamentals of wind energy extraction by flight vehicles are described 

2. The equations may be normalized in terms of only maximum L/D, defined as G, and eruise speed, V* 

3. Minimum wind variation for energy neutral cycles, a vertical step in speed, AW, is given by: AW = 

4.0/6 

4, Minimum linear shear gradient for energy neutral ¢ 
S=475/G 

5, Solutions for natural wind profiles characteristic of oceanic and ridge flows are given 

6. Optimal control schedules have been developed, but performance is not sensitive to exact adherence to 
these schedules. 

7. Oceanic wind profiles require quite modest wind speeds for birds with performance characteristics of 
the albatross, and these winds are common aver the oceans. 





s, , is given by: 
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Aerodynamic performance of albatross-inspired wing shape for 
marine unmanned air vehicles 


A. Stempeck', M. Hassanalian*, and A. Abdelkefi* 


Abstract 
The wing shape of any flying object has an important role in its light performance. When studying nature, 
it is found that albatrosses have the highest flight performance which allow these birds to fly thousands of 
miles, even though they are the largest migrating bird. To study the effects of the wing shape on the 
aerodynamic performance of fixed wing drones, at first the wing of an albatross is patterned and compared 
to other inspired wing shapes as well as standard geometrical wing shapes, such as rectangular, elliptical, 
and delta wing shapes. Considering similar wingspan, wing area, and aspect ratio, an aerodynamic analysis 
is performed in the same conditions (airfoil and flight speed). The 3D-Panel and Horseshoe Vortex Lattice 
Methods are applied for all the wings. The results show that for lower angles of attack, the albatross wing, 
shape generated better flight performance (lift to drag ratio) than other geometric shapes. Also, in another 
study, an analysis is carried-out to compare the albatross wing shape with other migrating birds, such as the 
artic tern, the sooty shearwater, the golden eagle, the great white pelican, and the whooper swan. It is found 
that albatrosses that have the ability to fly these long distances through soaring flight because of their higher 
lift to drag ratio, when compared to other migrating birds. It should be noted that this study can provide the 
‘guidelines for the design of efficient marine drones, 





1. Introduction 

Nowadays, there is a growing need for fixed wing Unmanned Air Vehicles (UAVs) with different 
capabilities for both military and civilian applications'. There is also a significant interest in the 
development of new concepts for UAVs which can perform various missions autonomously in different 
environments and locations, such as marine and space explorations!™. In the past decade, the optimization 
and performance enhancement of these UAVs have received most attention which led to the invention of 
some new wing shapes*, The efficiency ofa bio-inspired UAVs or micro unmanned aerial vehicles (4UAV) 
is largely based on the type of flying as well as the wing shape*. The wing shape greatly affects the 
aerodynamic performance. Shape of the wing or planform is the one of the main factor affecting the flight 
performance of the fixed wing drones*, There are various wing planforms that are derived from geometrical 
shapes, such as rectangular, delta, tapered, and elliptical wings. With the increasing number of applications 
of the drones, there is a demanding need of creating a higher performance using the fixed wing drone®. A 
great place to start at creating better performance fixed wing drones is by studying natural flyers’. Since 
birds have a better flight performance than other flying organisms, inspiring from them can be beneficial 
for the design of bio-inspired drones*?. 

One aspect of the birds’ features, is the wing shape. Generally, birds with different flight modes have 
various wing shapes’. The wing shapes of the birds are classified in six configurations: (1) tipped and roll- 
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back wing for hovering (hummingbird), (2) short, broad, and cupped wings that are used for quick takeo! 
and short range of fight (northern mockingbird), (3) short and wide wings with cracked primary feathers 
that are used for soaring (turkey vulture), (4) thin, flat, and triangular wings that are used for high speed 
and maneuverability (swallow), (5) large and arched wings for flapping flight (herons), and (6) tipped, at, 
high thin wings for soaring long distances (albatross)’°. Albatross which are flying in the boundary layer 
of the oceans are able to fly thousands of miles by performing soaring fight'*. Dynamic soaring is 
generally a flying technique which is applied by these birds to gain energy by repeatedly crossing the 
boundary between air layers with significantly different velocities". To advantage of this dynamic soaring 
the design efficient marine fixed wing UAVs, the wing shapes of albatrosses are studied to understand the 
high performance of these soaring birds". 

In this study, the wing shape of an albatross is extracted, modeled, and the aerodynamic performance 
of the inspired wing is investigated, 3D-panel method is carried-out to determine the effects of the wing 
shape on the lift and drag forces for various angles of attack. To show the performance of the selected wing, 
shape by nature, albatross wing shape is compared to various other shapes, such as rectangular, elliptical, 
delta, and two modified albatross wing shape with different offsets. Also, the wing of the albatross is 
compared to other birds’ wing shapes, such as Artic Tem, Great White Pelican, Golden Eagle, Sooty 
Shearwater, and Whooper Swan. 

















IL. Shape modeling of the albatross’s and geometrical wings 

Since individuals of different sexes and populations of albatrosses have different sizes, in this work, 
the birds with maximum possible wingspans are considered. The shape of Wandering albatross (Diomedea 
exulans) which is considered as one of the largest of the tubenose seabirds with wingspans reaching up to 
3.5m, is patterned'®. These birds have the ability to travel 10000km by taking advantage of dynamic soaring 
and having a long, thin, flat wing that is used for this flight mode'®. The low-cost flight of this migrating 
bird has attracted the attention of drones’ designers in order to propose efficient and high performance 
marine drones. Due to the high flight performance of the albatross, the wing shape of these birds are first 
patterned. In Fig. 1, a view of albatross’s wing and the patterned schematic are shown. 














©) 


Figure 1. Views of (a) Wandering albatross, (b) albatross’s wing, and (c) patterned albatross’s wing. 











‘The inspired wing shape shown in Fig. 1 has a wingspan of 3.4m and aspect ratio of 11.5. In order to 
study the impacts of the wing shape of the albatross wing on its performance, five wing shapes including 
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rectangular, delta, elliptical, albatross wing with zero offset, and albatross with offset are defined. It should 
be noted that all the considered wings have similar wingspan, aspect ratio, and consequently same wing 
area, Since the objective of this study is the wing shape, similar conditions are considered for all the wings. 
In Fig, 2, schematic views of the defined wings are shown. 








Geometrical wing shapes Albatross inspired wing shapes 
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Figure 2. Views of geometrical and albatross inspired wing shapes. 











IIL. Aerodynamic modeling and convergence analysis 

In order to study the aerodynamic performance of the shown wings in Fig. 2, XFLRS software is used 
to calculate the generated lift coefficient, drag coefficient, and lift to drag coefficient versus angle of attack 
for similar flight conditions. Aerodynamic analyses are carried out based on four thoeries, namely, Lift Line 

Theory (LLT), Horseshoe and Ring Vortex Lattice Methods (VLM), and 3D-Panel method. These methods 
are implemented and compared to each other. 

In the lift line theory, itis assumed that the relation between the lift coefficient and the angle of attack 
is linear and the viscous effects are not taken into account. In this theory, the lift of the wing is replaced by 
a lifting line where the incremental vortices shed along the span trail behind the wing are in straight lines 
in the direction of the freestream velocity. This theory assumes implicitly that all the surfaces lie essentially 
in the X-Y plane, sweep, and dihedral angles are not used in the calculation of the lift distribution, 
Horseshoe and Ring vortex lattice methods are applicable to any usual wing geometry, including those with 
sweep, low aspect ratio or high dihedral angles, including winglets. In the VLM method, the lift distribution 
and the induced angles can be calculated, and the induced drag is inviscid and linear. In other words, it is 
independent of the wing's speed and of the air's viscous characteristics. Generally, the principle of VLM 
method is to model the perturbation generated by the wing by a sum of vortices distributed over the wing's 
planform, This method computes the lift coefficient and the other values which may be calculated by 
integration of the surface forces, ie. the moment coefficients and the center of pressure’s position, For the 
VLM, the assumption of small angle of attack is considered, therefore the results should not be considered 
around the angle of attack values close to stall angles. In Horseshoe Vortex Lattice Method (VLM1) or 
classic one, a horseshoe vortex is positioned at the panel quarter chord and the non-penetration condition is 
set at the three-quarter chord point, but in Ring Vortex Lattice Method (VLM2) only the trailing vortices 
extend to infinity, 3D Panel method can be used to refine the LLT and VLM results by a more sophisticated 
full 3D method, taking the wings’ thickness into account, whereas the VLM only considers the mean camber 
line. This method provides insight on the center of pressure distributions over the top and bottom surfaces 
‘of a wing. The principle ofa 3D panel method is to model the perturbation generated by the wing by a sum 
‘of doublets and sources distributed over the wing's top and bottom surfaces!®"* 

Since XFLRS is used for aerodynamic analysis, first a convergence analysis is carried-out for the mesh 
‘of the inspired albatross wing shape. In this study, as an example to show the convergence analysis of the 
lift and drag as function of number of panels, 3D-Panel method is run for the albatross wing with zero and 
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five degrees angles of attack. The results show that the number of the optimum mesh which should be 
applied in this type of analysis. It should be mentioned that the wing is composed of strips in which each 
strip is divided into X and Y numbers of panels. To investigate the convergence of the aerodynamic results, 
with applying the maximum possible value for the X, different values for Y are considered. In Fig.3, an 
‘example of mesh is indicated, 





Figure 3. Views of mesh and the panels for albatross inspired wing. 


In Figs. 4(a) and 4(b), the convergence analysis for lift and drag coefficients as a function of the number 
of panels are presented. As can be seen in Figs, 4 (a) and 4(b), the results for specified number of panels 
are starting to converge, which shows the minimum number of the required panels in the Y direction, 
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Figure 4, Convergence analysis for (a) lift and (b) drag coefficients yersus number of panels for ¥ when 
considering zero and five degrees angle of attack. 
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IV. Comparison of wing shapes’ performance 

‘The aerodynamic analysis of the defined wings is carried-out through Horseshoe vortex lattice method 
in order to compare them together, The diagrams of coefficients of lift, drag, and lift to drag versus angle 
of attack are shown in Figs. 5(a), 5(b), and 5(c), respectively. As can be seen from Fig. (a), for all the 
considered wings, the elliptical wing provides higher values of lift coefficients, followed by rectangular, 
albatross, albatross with offset, albatross without offset, and delta wing, for angles of attack of zero. When 
the angle of attack is increasing, it can be seen that the lift coefficient of albatross wing is increasing more, 
and it generates higher values than rectangular. The variation of the drag coefficient versus angle of attack 
shows that for zero angle of attack the albatross wing shape and the albatross with offset are generating less 
drag coefficient followed by the albatross wing shape without offset, delta, rectangular, and elliptical wing 
shapes. As the angle of attack increases, the delta wing shape produces higher coefficients of drag, while 
the albatross with offset still creates the smallest coefficients of drag. For an angle of attack near zero 
degrees, the inspired albatross wing shape has higher performance (lift to drag ratio) than other wings, 
which can be seen in Fig. 5(c). The maximum lift to drag coefficient occurs at an angle of attack of four 
degrees for the standard geometrical shapes, while for the albatross inspired wing shapes maximum occurs 
at five degrees. Comparing all the wing shapes, the elliptical wing shape shows the highest value of lift to 
drag coelficients followed by the albatross, albatross with offset, rectangular, albatross without offset, and 
delta wing shapes. 
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In Fig. 6, the pressure, lif, and both viscous and induced drag distribution for defined wings are shown 
for an angle of attack of one degree. As can be seen in Fig. 6, the lift and drag distributions depend on the 
wing shape. It should be mentioned that this aerodynamic analysis is performed using the Horseshoe VLM. 
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(3) «@) fl 
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Figure 6. Views of pressure, lift, and viscous and induced drag distribution for (a) delta, (b) rectangular, (c) 
elliptical, () albatross without offset, (e) albatross with offset, and () inspired albatross wings. 


V. Comparison of albatross wing shape with other migrating birds 

For the second part of the analysis, the aerodynamic performance of albatross wing shape and the wing 

shapes of other birds consisting of the artic tern, the sooty shearwater, the golden eagle, the great white 

pelican, and the whooper swan are compared. The analysis is performed using 3D panel method. All the 

birds? extracted wing shapes are scaled to have the same wingspan, wing surface area, and the same aspect 

ratio, All wings are modeled using the GOE 174, The velocity of the analysis was kept at a constant rate of 
Sms for all wing shapes. In Fig. 7, views of considered birds and their modeling are shown. 
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Figure 7. Views of considered birds and thelr patterned wings, 


Considering the shown birds and their patterned wings, an aerodynamic analysis is carried-out which 
results in the shown graphs in Figure 8. In Figs. 8(a), 8(b), and 8(c), the lift, drag, and lift to drag coefficients 
as function of the angle of attack are depicted, respectively. It follows from the plotted curves in Fig. 8(c) 
that albatross has the highest lift to drag coefficient of all the wing shapes that were extracted. The value of 
this peak is 26.8 at an angle of attack of 3.5 degrees. For angles of attack from -2 to 4.4 degrees the albatross 
has the highest lift to drag coefficient. This angle of attack is desired for a soaring bird unmanned aerial 
vehicle. A bird that performed similar to the albatross is the artic tern. The artic tern has the second largest 
lift to drag coefficient for the angle of attack range of -2 to 4.4 degrees, and alter 4.4 to 8 degrees has the 
largest lif to drag coefficient. When comparing the lift coefficient to the angle of attack, the wing shapes 
of albatross and the artic tern have a higher value of the lift coefficient for the range of angle of attack. This 
is due to their large aspect ratio of the birds’ wing planform, The albatross has an aspect ratio of 11.5 while 
the artic tern has an aspect ratio of 11.8. The next closest aspect ratio is that of the great white pelican with 
a value of 7.8. The great white pelican has the third highest lift coefficient and the third smallest drag 
coefficient, which can be seen in Fig. 8(b). 
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Figure 8. Diagrams of coefficients of (a) lift, (b) drag, and (c) lift to drag versus angle of attack for studied 
‘migrating birds, 


VI. Conclusions 

In this study, the wing of an albatross as a migrating bird was pattemed and compared to other 
‘geometrical shapes as well as other migrating birds’ wing shapes from aerodynamics points of view. Two 
different aerodynamic analyses were used using Horseshoe VLM and 3D-Panel methods. A convergence 
analysis was also carried-out to determine the optimum number of panels for the analysis. Considering 
similar wingspan, wing area, and aspect ratio, an aerodynamic analysis was performed in the same 
conditions (airfoil and flight speed). The results in both studies showed that for lower angles of attack the 
albatross wing shape generated better flight performance (lift to drag ratio) compared to geometric and 
migrating birds? wing shapes. 
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Abstract 


Since the original 1963 Frisbee flying dises have evolved, becoming ubiquitous and far-ranging. Effects of drag, 
1if, pitching moment and spin on range are analysed. With lift, ranges significantly exceed the drag-free ballistic 
range. An upper Iimit wings level case, optimized for range, is compared with the realistic free case of a spinning, 
‘banking disc. For 30 m/s launch and 0.033 minimum drag coefficient the wings level range is 186 m, but the free 
range only 157 m. Tests report ranges between 77 - 170 mi. The procedure is a powerful tool for designing superior 
discs. 
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1. Introduction 


From time immemorial men and apes have hurled things (eves, rocks, sticks and spears) at other animals that 
displeased them. As missiles, these illustrate the military principle of action ata distance. Simian feces-slinging is 
reportedly quite accurate, so apes, as well as people, must have noted that range depends on the launch speed and 
angle (V,6) as well as weight, size and shape. For a flatish projectile launched roughly horizontally, aerodynamic 
lift extends range significantly. The flying disc is a prolific and far-anging example of a lifting projectile, with 
‘many variants. ‘The original Frisbee, since 1963 a well-known commercial sport product, has evalved into the low 
‘drag, long-range professional, competition dise-golf version. The Aerobie flying disc, a ring-shaped advanced 
design, in 2003 achieved a range exceeding 400 m, the furthest of any hand thrown projectile. The present work 
gives a theoretical upper bound to range, assuming an optimized, controlled “wings level” trajectory and compares 
this with the predicted light of a “eee” spinning disc, banking in response to spin and pitching moment. 
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2, Fundamental ballistics 


21. Ballistic rajectories 
For an object with no external forces except gravity g the trajectory is called ballistic and range given by 


R = (Vg) sin 20. Range varies with V, as expected, since it defines launch kinetic energy. Ballistic range is 
‘maximized fora 45° launch. The effect of launch angle on range was well knovn to arillerymen inthe 15th century; 
Leonardo drew a cartoon c, 1505 illstrating this for mortar trajectories 


2.2. Effect of drag 


For a projectile with only aerodynamic drag, the range is less than the ballistic value. The effect of drag is shown 
in Fig. 1, plotting trajectories for a number of non-lifting projectiles launched at 24 m/s and 45°. The cannon ball 
range is cose to the normalized ballistic range of 6.25. Its litle affected by drag; the ping-pong ball profoundly so. 
For a sport disc (Frisbee is a commercial trademark) at a minimum drag coefficient of 0.080 and zero lift the range 
is about 3.6, much less than the drag-free case, Disc range can increase significantly with lift, 
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ig. Trajectories of common projectiles 


2.3. Effect of lift 


It was apparent to the original Olympic Greek athletes that the range of a clasical symmetric discus can be 
increased by exploiting lift. Calculations fora standard discus with lit by Hubbard and Cheng [1] show a 10% 
increase over the ballistic range. But lift causes induced drag, so that the drag of a lifting system exceeds the 
minimum drag. Yet the lift, even with induced drag produces longer range than the drag-free case. A near ballistic 
trajectory terminates almost at launch speed, o that litle kinetic energy is lost. But with lift this kinetic energy can 
extend range, resulting ina low touch down speed, as described below 

A lifting vehicle has maximum glide ringe atthe lft coefficient comesponding to maximum lifdrag ratio. The 
vehicle glides at constant fight speed and angle, extracting potential energy to offset drag losses. Glide should start 
from maximum height. "To maximize height the vehicle should ascend at minimum drag (zero lft) so that most of 
the Iaunch kinetic energy is converted into height (potential energy). This requires a roughly ballistic trajectory 
during ascent. The vehicle then glides st cruise speed until the ground is approached, when lift is increased to 
extend the range atthe expense of forward speed. For aircraft landing this is called the flare-out 
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Fig. 2 Trajectories of sport disc with drag and tit 


‘Some trajectories typical of a sport disc, described in 2.2, are shown above in Fig. 2. For a drag-free ballistic 
trajectory the normalized range is about 6.25; with drag alone it is only 3.6. Exploiting lift the range is about 7.2, 
‘exceeding the ideal drag-free case. The fine lines show the three asymptotic regimes, the low drag, almost parabolic 
ascent, the steady glide descent at optimum glide angle and the flare-out to horizontal as the ground is approached. 


3. Controlled wings-level trajectories 


3.1. Ideal dynamic flight equations 


An ideal case of maximum range is obtained assuming that the disc flies wings level (without banking) and that 
the lift coefficient is controlled to provide the optimal schedule.. The flight dynamics are described by the equations 
of motion for an unpowered vehicle by Lissaman [2], where the dynamic flight trajectory of the albatross, soaring, 
‘uring and diving in a planetary boundary layer wind without wing flapping, is modelled and optimized. The case 
here is simpler, with no bank (wings level) and no ambient wind. ‘The non-dimensional equations contain only one 
control variable, the normalized lift coefficient, that can be optimally scheduled to maximize the range. 


3.2. Optimal trajectories 


A typical optimized trajectory, using 50 equal spaced lift-coefficient control inputs, illustrating the above, for a 
sport disc with a minimum drag coefficient of 0.080 launched at 25 m/s is shown in Fig. 3. Normalized plots of the 
control lft, the light speed, and the trajectory are shown, 
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‘The lift starts at zero, increases smoothly to the cruise lift (normalized here as unity), holds constant for the 
slide and then rises to the maximum for flare out (the lft plateau represents the stall lift). During the glide portion 
the speed is constant (normalized as unity) at an approximately constant glide angle, as predicted, 

For a low drag competition disc (Cpo = 0.033) launched at 30 m/s the wings level model predicts a range of about 
186 m, implying an augmentation above the ballistic of about 101%. Pozzy (2000) presents data for 26 launches of 
different discs by experts at speeds between 29 and 31 mvs, reporting an average range of about 123 m with a 
‘maximum of about 170 m. 


3.3. Dise attitude 


‘The angle of attack (angle of the velocity with respect to the disc plane) for an optimal wings level trajectory is, 
that required for optimal lft. The disc ascends in a roughly ballistic parabola, so that, for minimum drag, the angle is 
that for zero lift, approximately parallel to the flight path. The descent is at cruise conditions, requiring a constant 
attitude (disc angle to the horizontal) and lft, while the final stage calls for a high angle of attack to extend the flare- 
‘out. So the disc must start ascending at an attitude of about 45°, level off at the apex and pitch over to cruise atitude 
for the glide descent, with a final pitch up for the flare. A projectile with stabilizing fins, like a bomb, does not 
‘execute this trajectory, since the fins force a near zero angle of attack and lift throughout the flight. 

‘The free disc will not execute this schedule. Rather it pitches and banks according to the coupling between its 
aerodynamic pitching moment and the gyroscopic effects due to spin. This fee trajectory is discussed next. 


4. Free trajectories 


4.1. Mechanics of free trajectory 


For the real case, the disc is released with an initial launch speed, spin rate and attitude. Discs are normally 
unstable due to displacement of the center of lift ahead of the center of mass (c.m.), and, to avoid tumbling, must be 
stabilized by spin. The pitching moment couples gyroscopically with the spin to induce a roll rate. This rate is right 
side upwards for a pitch up moment on a disc spinning clockwise viewed from above. Long range is achieved by 
exploiting the gyroscopic terms so that the disc acquires a roughly wings level state near the apex and thereafter 
slides at approximately constant attitude, giving the optimum lifdrag ratio. This requires that the disc be launched 
atthe correct ascentangle, usually with a pronounced bank, calling for skill by the thrower. 

It is not possible to design the pitching moment curve so that the disc actually follows the ideal orientation 
calculated in the optimal case. In fact, the variation of the pitching moment at disc angles of attack between -5° and 
10° has a very pronounced effect on the free trajectory. To calculate the trajectory, a Matlab code following Hubbard 
and Hummel [3] has been written and is exercised for different launch conditions and pitching moment 
characteristics. The former are controlled by the disc thrower, the latter by the disc designer. The code requires 
input of the disc physical properties and launch conditions as well as fundamental aerodynamic force and moment 
derivatives. The latter are not well known since the disc experiences separated flow over the top, and cavity flow on 
the lower surface; a complicated flow state, beyond the capability of prediction by computational methods. Wind 
tunnel tests on rotating discs by Potts reported by Hubbard and Hummel [3] indicate that the aerodynamic center of 
the disc changes significantly with angle of attack for attack angles below 10°. This is expected from the complex 
upper and lower surface separated flow for disc-like shapes. Computational fluid dynamics methods cannot 
correctly predict this flow, so that testing is required for accurate drag and pitching characteristics. 


4.2. Maximum range cases 


‘The disc is launched at a speed and spin of 30 m/s and 50 rad/s. Constants are 0.175 kg mass; 0.27 m diameter; 
spin axis moment of inertia, I= 0.0025 kg m?; lift at zero angle of attack, Cyn = 0.15; lift curve slope, Cra = 2.91; 
‘minimum drag, Cpo= 0.033; span effectiveness, e = 0.85; pitch damping, Cy, =- 0.10; roll damping, Ci, = - 0.15. 

‘Bank angles and trajectories for best range for a typical high performance disc for wings level and for free flight 
are shown in Figs. 4 and $, The wings level and free trajectories are similar except for the flare-out, even though the 
free case is far from wings level, involving large, near vertical, bank angles during the initial ascent 
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‘The range increase over ballistic compared with the sport disc is apparent. The free case starts with a large ~ 70° 
bank (right side up) levels off before mid-flight and does not flare. The pitching moment characteristics for the 
longest range are those of Case 1, close to those measured on a sport disc, 
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‘The pitching moment characteristics have a dominant effect on the flight. Fig. 6 shows the pitching moment 
coefficients used in the cases analyzed in the flight dynamics model 
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Four cases have been analysed, each having representative pitching moments. They are: Case 1: from 
‘measurements on an actual disc, with a slightly unstable moment, as given by Potts wind tunnel tests of a sport disc, 
described by Hubbard and Hummel [3], Case 2: a neutral case, where the moment gradient between 0° and 10° is 
zero, Case 3: where the moment has a slight stable gradient in this range and Case 4, where the moment is linear and 
unstable, corresponding to a fixed aerodynamic center at 6.3% of the diameter ahead of the c.m. The four cases 
‘were analyzed, optimum initial conditions for each determined, and maximum range calculated, as tabulated in 
Table I. Case 4 gave a very low range and results have not been listed. It is of interest that the Case 4 “normal”, 
unstable linear pitching moment, associated with a shape with a fixed aerodynamic center, does not provide suitable 
‘moment characteristics for good performance from a free, spinning disc. 

Sensitivity is given by calculating the range reduction due to a 5° change in both launch bank and angle. The 
stable case, 3, is very sensitive to small errors in launch, and would require much skill to throw consistently. 

Five cases for the competition disc are summarized in Table I. Spin is clockwise viewed from above and positive 
bank angle right wing down. Case 3 has a slightly stable pitching moment and initial bank is in the opposite 
direction to that of Cases 1 and 2. In Case 3 there is a large change associated with a small reduction in initial 
‘optimum bank angle. For launch at 36° ascent angle and 52° bank, Case 3 range drops by more than 66 m from the 
‘optimum of 135 m listed in the table. This needs interpretation. 





‘Table L Range for varying cases 
Case Stability Ascent Angle, Bank." Range, m Sensitivity, m 

Free, CaseT Unstable 4-75 157 20 

Free, Case2 Neutral 8 3 144 13 

Free, Case3 Stable 31ST 135 66.7 

Pozzy NA NA NA 184 NA 

Wings level NA 44 0 186 NA 


5. Field tests 


‘On Dec. 20, 2009 field tests were conducted using competition disc-golf discs thrown by professional dise 
‘golfers (G. Lissaman and J. Lissaman) and by amateurs (D. Peterson and R. McMurray) Range and launch speeds 
‘were measured and trajectories recorded with 30 Hz video for 100 flights. Observed ranges compare well with those 
of Pozzy [4], Although the professional throwers had mean release velocities slightly, but not significantly, less than 
those of the amateurs (V;,=22.9, V,=23.3mv/s), their velocities were more repeatable (¢jy=0.7, oj,2=1.2 m/s) and they 
achieved larger (and again more repeatable) mean ranges (Ry=81.8, Rj=69.9 m; djy=10.8, dy~16.6 m). Detailed 
records of trajectories and velocity will permit estimation of disc aerodynamic properties inthe future. 


6. Conclusions 


1. Methods of calculating the range of a disc for the ideal wings level case and for the spinning and banking free 
‘case have been developed and exercised. 

2 Range depends strongly on the minimum drag coefficient. For competition discs with minimum drag coefficient 
‘of 0.033 launched at 30 mvs the ideal wings level case range is about 186 m. Free disc range is 157 m. 

3. The free range depends significantly on the pitching moments in the angle of attack range 0° < ct < 10°, 

4. The slightly unstable pitching moment characteristics obtaining in Free Case | give the best range for the free 
‘cases considered, 

5. field test procedure has been developed and exercised. Test results support the free disc analysis, but the 
theory cannot be exactly correlated with the experiment without accurate values of aerodynamic characteristics 
‘The data will be reduced and these characteristics will be reported late. 
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